
US008405063B2 

(12) Ulllted States Patent (10) Patent N0.: US 8,405,063 B2 
Kazlas et al. (45) Date of Patent: Mar. 26, 2013 

(54) QUANTUM DOT LIGHT ENHANCEMENT 3,510,732 A 5/1970 Amans et a1. 
SUBSTRATE AND LIGHTING DEVICE 2 1 K111012110 {r1 

, , 0 OSZ e a . 

INCLUDING SAME 3,875,456 A 4/1975 Kano et a1. 

(75) Inventors: Peter T. Kazlas, Sudbury, MA (US); 2 FDlegtliIgg 
' , , e e ano 

Seth coe'sulhvan’ Belmont’ MA (Us) 4,130,343 A 12/1978 Miller et a1. 
(73) Assignee: QD Vision, Inc., Lexington, MA (US) 4,366,407 A 12/1982 Walsh 

( * ) Notice: Subject to any disclaimer, the term of this (Continued) 
t t ' t d d d' t d d 35 

13121518 11555111311); 15055155115 e H“ er FOREIGN PATENT DOCUMENTS 
EP 0328202 8/1989 

(22) Filed: Jan. 20, 2010 (Continued) 

(65) Prior Publication Data 
OTHER PUBLICATIONS 

US 2010/0283036A1 Nov. 11,2010 
_ _ Akimov, A., Et al, “Semiconductor nanocrystals in a polymeric 

Related U's' Apphcatlon Data matrix: new optical media” Opt. Spectrosc. 72 (4), Apr. 1992. 

(63) Continuation of application No. PCT/US2008/ . 
008924, ?led on Jul. 23, 2008. (Commued) 

(60) Provisional application No. '60/951,427, ?led on Jul. Primary Examiner i Ida M Seward 
23, 2007, prov1s1onal appl1cat1on No. 61/074,028, 
?led on Jun. 19, 2008. 

(57) ABSTRACT 
(51) Int. Cl. 

H01L 29/06 (200601) A component including a substrate, at least one layer includ 
H01 L 29/20 (200601) ing a color conversion material including quantum dots dis 
H01L 3 3/00 (201001) posed over the substrate, and a layer including a conductive 
H01 L 31/00 (200601) material (e.g., indium-tin-oxide) disposed over the at least 

(52) us CL _____ __ 257/9; 257/E29_071; 257/89; 257/440; one layer. (Embodiments ofsuch component are also referred 
257/E27_142; 257/E31_121; 257/E31_122; to herein as a QB light-enhancement substrate (QD-LES).) In 

257/1331123; 257/1351022; 977 /707; 977/712; certain preferred embodiments, the substrate is transparent to 
977/720; 977/723; 977/773; 977/774; 977/775; light, fOl‘ example, visible light, ultraviolet light, and/or infra 

977/776; 977/777; 977/779 red radiation. In certain embodiments, the substrate is ?ex 
(58) Field of Classi?cation Search 257/9 E29 071 ible. In certain embodiments, the substrate includes an out 

257/89 440 13271451531121’ E3 1 122’ coupling element (e.g., a microlens array). A ?lm including a 
257/133 1 5123 $1351 022. 3 977/707 ’ 712 720’ color conversion material including quantum dots and a con 

’ 97’7/723 7731777’ 779’ ductive material is also provided. In certain embodiments, a 
See apphcation ?1e for Comp1ete Search history' ’ component includes a ?lm described herein. Lighting devices 

are also provided. In certain embodiments, a lighting device 
(56) References Cited includes a ?lm described herein. In certain embodiments, a 

US. PATENT DOCUMENTS 

3,248,588 A 4/1966 Blazek et a1. 

lighting device includes a component described herein. 

32 Claims, 4 Drawing Sheets 

?ght from 01-34 QLEL‘: emitting Sayer 





US 8,405,063 B2 
Page 3 

7,245,065 B2 * 7/2007 Ghosh et al. ................ .. 313/110 2005/0051777 A1 3/2005 Hill et al. 
7,253,452 B2 8/2007 Steckel et al. 2005/0088079 A1 4/2005 Daniels 
7,264,527 B2 9/2007 Bawendi et al. 2005/0088380 A1 4/2005 Bulovic et al. 
7,265,488 B2 9/2007 Ng et al. 2005/0093422 A1 5/2005 Wang et al. 
7,273,309 B2 9/2007 Ford et al. 2005/0093430 A1 5/2005 Ibbetson et al. 
7,279,716 B2 * 10/2007 Chen ............................. .. 257/94 2005/0098787 A1 5/2005 Andrews 
7,279,832 B2 10/2007 Thurk et al. 2005/0134723 A1 6/2005 Lee et al. 
7,294,881 B2 11/2007 Korenari et al. 2005/0135079 A1 6/2005 Yin Chua et al. 
7,321,193 B2 1/2008 Antoniadis et al. 2005/0139852 A1 6/2005 Chen et al. 
7,326,365 B2 2/2008 Bawendi et al. 2005/0180680 A1 8/2005 Kong 
7,326,908 B2 * 2/2008 Sargent et al. ........... .. 250/2141 2005/0214967 A1 9/2005 Scher et al. 
7,350,933 B2 4/2008 Ng et al. 2005/0236556 A1 10/2005 Sargent et al. 
7,374,807 B2 5/2008 Parce et al. 2005/0261400 A1 11/2005 Yang et al. 
7,393,618 B2 * 7/2008 Ioku et al. ....................... .. 430/7 2005/0265404 A1 12/2005 Ashdown 
7,420,323 B2 9/2008 Krummacher 2005/0271548 A1 12/2005 Yang et al. 
7,430,355 B2 9/2008 Heikenfeld et al. 2005/0272159 A1 12/2005 Ismagilov et al. 
7,462,502 B2 12/2008 Paolini et al. 2005/0275615 A1 12/2005 Kahen et al. 
7,473,922 B2 * 1/2009 Uchiyama et al. ............ .. 257/14 2005/0279949 A1 12/2005 Oldham et al. 
7,481,562 B2 1/2009 Chua et al. 2006/0001036 A1 1/2006 Jacob et al. 
7,495,383 B2 2/2009 Chua et al. 2006/0002101 A1 1/2006 Wheatley 
7,497,581 B2 3/2009 Beeson et al. 2006/0003097 A1 1/2006 Andres et al. 
7,513,669 B2 4/2009 Chua et al. 2006/0003114 A1 1/2006 Enlow et al. 
7,522,647 B2 * 4/2009 Hatori et al. ............. .. 372/4501 2006/0003156 A1 1/2006 Masutani et al. 
7,534,002 B2 5/2009 Yamaguchi et al. 2006/0024525 A1 2/2006 Jeong et al. 
7,535,524 B2 5/2009 Chua et al. 2006/0034065 A1 2/2006 Thurk 
7,553,683 B2 6/2009 Martin et al. 2006/0043361 A1* 3/2006 Lee et al. ...................... .. 257/40 
7,554,257 B2 6/2009 Krummacher et al. 2006/0057460 A1 3/2006 Matthias et al. 
7,560,747 B2 7/2009 Cok 2006/0060862 A1 3/2006 Bawendi et al. 
7,592,618 B2 * 9/2009 Khang et al. .................. .. 257/13 2006/0063029 A1* 3/2006 Jang et al. ................... .. 428/690 
7,595,508 B2 * 9/2009 Otsubo et al. ................. .. 257/79 2006/0063289 A1 3/2006 Negley et al. 
7,614,759 B2 11/2009 Negley 2006/0065902 A1 3/2006 Todori et al. 
7,645,397 B2 1/2010 Parce et al. 2006/0066210 A1 3/2006 Ng et al. 
7,679,102 B2 * 3/2010 Chik et al. .................. .. 257/102 2006/0068154 A1 3/2006 Parce et al. 
7,682,850 B2 3/2010 Harbers et al. 2006/0081862 A1 4/2006 Chua et al. 
7,686,493 B2 3/2010 Roshan et al. 2006/0103589 A1 5/2006 Chua et al. 
7,692,373 B2 4/2010 Bawendi et al. 2006/0105483 A1 5/2006 Leatherdale et al. 
7,710,026 B2 5/2010 Cok et al. 2006/0113895 A1 6/2006 Baroky et al. 
7,722,422 B2 * 5/2010 Cok .............................. .. 445/23 2006/0145599 A1 7/2006 Stegamat et al. 
7,723,744 B2 5/2010 Gillies et al. 2006/0147703 A1 7/2006 Walker et al. 
7,732,237 B2 * 6/2010 Xie ........... .. 438/47 2006/0157686 A1 7/2006 Jang et al. 
7,732,823 B2 * 6/2010 Kawaguchi . 257/79 2006/0157720 A1 7/2006 Bawendi et al. 
7,750,425 B2 * 7/2010 Forrest et al. ............... .. 257/441 2006/0169971 A1 8/2006 Cho et al. 
7,791,092 B2 9/2010 Tarsa et al. 2006/0196375 A1 9/2006 Coe-Sullivan et al. 
7,795,609 B2 * 9/2010 Huffaker et al. .............. .. 257/14 2006/0197437 A1 9/2006 Krummacher et al. 
7,799,586 B2 9/2010 Leung et al. 2006/0199886 A1 9/2006 Ryang 
7,813,160 B2 * 10/2010 Drndic et al. ............... .. 365/151 2006/0204676 A1 9/2006 Jones et al. 
7,880,377 B2 * 2/2011 Orita et al. .................. .. 313/503 2006/0204679 A1 9/2006 Jones et al. 
7,888,700 B2 2/2011 Kahen 2006/0210726 A1 9/2006 Jones et al. 
7,901,111 B2 3/2011 Negley et al. 2006/0214903 A1 9/2006 Kurosaka 
7,902,748 B2 * 3/2011 Cok ............................ .. 313/506 2006/0215958 A1 9/2006 Yeo et al. 
7,952,105 B2 5/2011 Cok 2006/0221021 A1 10/2006 Hajjar et al. 
7,969,085 B2 * 6/2011 Cok ............................ .. 313/504 2006/0227546 A1 10/2006 Yeo et al. 
7,982,396 B2 * 7/2011 Cok .. . 313/506 2006/0232725 A1 10/2006 Chua et al. 
8,033,706 B1 * 10/2011 Kelly et al. . . 362/607 2006/0238103 A1 10/2006 Choi et al. 
8,044,414 B2 * 10/2011 Hori et al. ..................... .. 257/88 2006/0238671 A1 10/2006 Kim et al. 
8,053,972 B2 11/2011 Bawendi et al. 2006/0244367 A1 11/2006 1m et al. 
8,174,034 B2 5/2012 Bogner et al. 2006/0245710 A1 11/2006 Borrelli et al. 
8,174,181 B2 * 5/2012 Bawendi et al. ............ .. 313/503 2006/0274226 A1 12/2006 1m et al. 

2001/0001207 A1 5/2001 Shimizu et al. 2006/0279296 A1 12/2006 Lee et al. 
2001/0028055 A1* 10/2001 Fafard et al. .................. .. 257/17 2007/0012928 A1 1/2007 Peng et al. 
2002/0053359 A1* 5/2002 Harman et al. ............. .. 136/205 2007/0012941 A1 1/2007 Cheon 
2002/0071948 A1 6/2002 Duff et al. 2007/0013996 A1 1/2007 Verma 
2002/0127224 A1 9/2002 Chen 2007/0014318 A1 1/2007 Hajjar et al. 
2002/0136932 A1* 9/2002 Yoshida ...................... .. 428/698 2007/0018102 A1 1/2007 Braune et al. 
2002/0186921 A1 12/2002 Schumacher et al. 2007/0018558 A1 1/2007 Chua et al. 
2003/0030706 A1 2/2003 Jagannathan et al. 2007/0034833 A1 2/2007 Parce et al. 
2003/0034486 A1 2/2003 Korgel 2007/0036510 A1 2/2007 Ingman et al. 
2003/0151700 A1 8/2003 Carter et al. 2007/0036962 A1 2/2007 Sasaki et al. 
2003/0156425 A1 8/2003 Turnbull et al. 2007/0045777 A1 3/2007 Gillies et al. 
2003/0160260 A1 8/2003 Hirai et al. 2007/0071218 A1 3/2007 Zhang 
2003/0227249 A1 12/2003 Mueller et al. 2007/0077594 A1 4/2007 Hikmet et al. 
2003/0230970 A1 12/2003 Steckl et al. 2007/0085092 A1 4/2007 Chen et al. 
2004/0007169 A1 1/2004 Ohtsu et al. 2007/0087197 A1 4/2007 Jang et al. 
2004/0135495 A1 7/2004 Wu et al. 2007/0090755 A1 4/2007 Eida et al. 
2004/0233139 A1 11/2004 Asano et al. 2007/0096078 A1 5/2007 Lee et al. 
2004/0245912 A1 12/2004 Thurk et al. 2007/0096634 A1 5/2007 Krummacher 
2004/0259363 A1 12/2004 Bawendi et al. 2007/0103068 A1 5/2007 Bawendi et al. 
2004/0262583 A1 12/2004 Lee 2007/0108888 A1* 5/2007 Chen et al. .................. .. 313/503 
2005/0012076 A1 1/2005 Morioka 2007/0112097 A1 5/2007 Olson et al. 



US 8,405,063 B2 
Page 4 

2007/0112101 A1 5/2007 Choi et al. 2010/0068468 A1 3/2010 Coe-Sullivan et al. 
2007/0112118 A1 5/2007 Park et al. 2010/0090597 A1* 4/2010 Werners et al. ............. .. 313/512 
2007/0115995 A1 5/2007 Kim et al. 2010/0103648 A1 4/2010 Kim et al. 
2007/0121129 A1 5/2007 Eida et al. 2010/0110728 A1 5/2010 Dubrow et al. 
2007/0131905 A1 6/2007 Sato et al. 2010/0113813 A1 5/2010 Pickett et al. 
2007/0145350 A1 6/2007 Kobori 2010/0123155 A1 5/2010 Pickett et al. 
2007/0164661 A1 7/2007 Kuma 2010/0142182 A1 6/2010 Van Woudenberg et al. 
2007/0170418 A1 7/2007 Bowers et al. 2010/0144231 A1 6/2010 Landry et al. 
2007/0170447 A1 7/2007 Negley et al. 2010/0149814 A1 6/2010 Zhai et al. 
2007/0177380 A1* 8/2007 Schultz et al. .............. .. 362/249 2010/0155749 A1 6/2010 Chen et al. 
2007/0190675 A1* 8/2007 YamaZaki et al. ............ .. 438/22 2010/0167011 A1 7/2010 Dubrow 
2007/0200492 A1 8/2007 Cok et al. 2010/0193806 A1 8/2010 Byun 
2007/0201056 A1 8/2007 Cok et al. 2010/0208493 A1 8/2010 Choi et al. 
2007/0223219 A1 9/2007 Medendorp et al. 2010/0243053 A1 9/2010 Coe-Sullivan et al. 
2007/0235751 A1 10/2007 Radkov et al. 2010/0246009 A1 9/2010 Polley et al. 
2007/0241661 A1 10/2007 Yin 2010/0265307 A1 10/2010 Linton et al. 
2007/0246734 A1 10/2007 Lee et al. 2010/0283036 A1 11/2010 Coe-Sullivan et al. 
2007/0263408 A1 11/2007 Chua et al. 2010/0283072 A1* 11/2010 KaZlas et al. ................. .. 257/98 
2007/0281140 A1 12/2007 Haubrich et al. 2010/0301360 A1 12/2010 Van de Ven et al. 
2007/0298160 A1 12/2007 Jang et al. 2011/0025224 A1 2/2011 Wood et al. 
2008/0001124 A1 1/2008 Hachiya et al. 2011/0299001 A1 12/2011 Banin et al. 
2008/0001167 A1 1/2008 Coe-Sullivan et al. 
2008/0001528 A1 1/2008 Eida FOREIGN PATENT DOCUMENTS 
2008/0007156 A1 * V2008 Gibson et al. ............... .. 313/503 JP 1260707 l0/l989 

2008/0012031 A1 1/2008 Jang et al. JP 02444104 9/1990 
2008/0029710 A1 2/2008 Sek1ya et al. JP 04429807 8/1992 
2008/0036367 A1 2/2008 E1da 6t JP 4238304 8/1992 
2008/0048936 A1 2/2008 Powell et al. JP 04481433 10/1992 
2008/0057342 A1 3/2008 Sek1ya JP 05452609 6/1993 
2008/0070153 A1 3/2008 IOKU 6t JP 05_303017 ll/1993 
2008/0074050 A1 3/2008 Chen et al. JP 06438161 8/1994 
2008/0116784 A1 5/2008 Krummacher et al. JP 06301071 10/1994 
2008/0135914 A1 * 6/2008 Kr1shna et al. .............. .. 257/316 JP 07_0029l2 H1995 

2008/0144333 A1 6/2008 Gourlay JP 07_l76794 7/1995 
2008/0165235 A1 7/2008 Rolly et al. JP 08007614 1/1996 
2008/0169753 A1 7/2008 Skrpor et al. JP 09_027642 1/1997 
2008/0172197 A1 7/2008 SklpOI 61 al. JP 09_050057 2/1997 
2008/0173886 A1 7/2008 Cheon et al. JP 09_080434 3/1997 
2008/0218068 A1* 9/2008 Cok ............................ .. 313/505 JP 10012925 1/1998 

2008/0237540 A1 10/2008 Dubrow JP 2002_2l6962 8/2002 
2008/0237611 A1* 10/2008 Cok et al. ...................... .. 257/79 JP 2006073869 3/2008 
2008/0254210 A1 10/2008 La1etal. W0 WO_03/070816 8/2003 
2008/0277626 A1 * ll/2008 Yang et al. W0 WO_03/079414 9/2003 
2008/0278063 A1 11/2008 Cok ............................ .. 313/500 W0 WO_2006/104689 10/2006 
2008/0297028 A1 12/2008 Kane et al. W0 WO_2007/002234 1/2007 
2008/0308825 A1 12/2008 Chakraborty et al. W0 WO_2007/009010 1/2007 
2009/0001386 A1 V2009 SklpOf et al. W0 WO_2007/046649 4/2007 
2009/0002806 A1 1/2009 SklpOf et al. W0 WO_2007/136816 11/2007 
2009/0017268 A1 1/2009 Sk1por et al. W0 WO_2008029633 8/2008 
2009/0021148 A1 V2009 Hach1ya Git W0 WO_2009/002512 12/2008 
2009/0034292 A1 2/2009 Pokrovsk1y et al. W0 WO_2009/011922 1/2009 
2009/0050907 A1 2/2009 Yuan et al. W0 WO_2009/014590 1/2009 
2009/0057662 A1 3/2009 BHIIZIS 6t W0 WO_2009/014707 A9 H2009 
2009/0059554 A1 3/2009 SklpOf et al. W0 WO_2009/137053 ll/2009 

2009/0152567 A1 6/2009 Comerford et al. W0 WO_2009/151515 12/2009 
2009/0162011 A1 6/2009 Coe-Sullrvan 6t W0 WO_2010/014205 2/2010 
2009/0174022 A1 7/2009 Coe-Sull1van et al. W0 WO_2011/020098 2/2011 
2009/0181478 A1 7/2009 Cox et al. 
2009/0196160 A1 8/2009 Crombach OTHER PUBLICATIONS 
2009/0208753 A1 8/2009 Coe-Sullivan et al. 
2009/ 0212695 A1 8/ 2009 Kim et al. Anineeva P.O., Et al., “Photoluminescence of CdSe/ZnS Core/ Shell 
2009/0215208 A1 55/2009 (Zoe-Sullivan et 31~ Quantum Dots Enhanced by Energy Transfer from a Phosphorescent 
2009/0215209 A1 8/2009 Anc et a1‘ Donor,” Chemical Physics Letters, 424, 120 (2006). 
2009/0236621 A1 9/2009 Chakraborty B M M A E 1 F A 1 Ph L 1999 75 4 
2009/0278141 A1 11/2009 Coe-Sullivan et al. a O ' " a " one‘, pp : W‘ e’" ’ ’ ' 
2009/0280586 A1 110009 coe_sullivan Baldo M.A., Et al., Applied Phys1cs Letters. 75. 4-6 (1999). 
2009/0283742 A1 11/2009 Coe-Sullivan et al. Baldo MA» EH11» Namm 395 151-154 (1998) 
2009/0286338 A1 11/2009 Coe-Sullivan et al. Baldo MA, EH11‘, Nature 403- 7 50-753 (2000) 
2009/0321755 A1 12/2009 Jang et a1‘ Baldo M.A., Et al., Physical Review B. 66. 035321 (2002). 
2010/0002414 A1 1/2010 Meir et a1‘ Baldo M.A., Et al. Physical Review B vol. 62, No. 16 (2000). 
2010/0014799 A1 1/2010 Bulovic et al. Baldo MA, Er a1~ Pure APP1~ Chem v01~ 71, N0, 11 (1999) 
2010/0025595 A1 2/2010 Bawendi et al. Bawendl M, G‘, E1 :11‘, J Chem- Phys~ 1989, 91, 7282, 
2010/0044635 A1 2/2010 Breen et a1, Calebi K., Et al., Optics Express, 15 1762-1772 (2007). 
2010/ 0044636 A1 2/ 2010 Ramprasad et al. Chan Y., Et al., “Blue semiconductor nanocrystal laser”, Applied 
2010/0051870 A1 3/2010 Ramprasad Physics Letters, 86, 073102 (2005). 
2010/0051898 A1 3/2010 Kim et al. Chan Y., Et al., “Incorporation of Luminescent Nanocrystals into 
2010/0052512 A1 3/2010 Clough et al. Monodisperse Core-Shell Silica Microspheres”, Advanced Materi 
2010/0067214 A1 3/2010 Hoelen et al. als, 16, 2092 (2004). 



US 8,405,063 B2 
Page 5 

Chen M., Et al., vol. 46, 2007 pp. 1521-1525. 
Coe Sullivan S., Et al,, “Electroluminescence of Single Monolayer of 
Nanocrystals in Molecular Organic Devices”, Nature (London) 420, 
800 (2002). 
Coe-Sullivan S., El al., “Method for fabrication of saturated RGB 
quantum dot light-emitting devices”, Proc. of SPIE Int. Soc. Opt. 
Eng, 108, 5739 (2005). 
Coe-Sullivan S., Et al., “Tuning the Performance of Hybrid Organic/ 
Inorganic Quantum Dot Light-Emitting Devices”, Organic Electron 
ics, 4, 123 (2003). 
Dabbousi, B. 0., Et al. Appl. Phys. Lett. 1995, 66, 1316. 
Dabbousi, B. 0., Et al. J'. Phys. Chem. B 1997, 101, 9463. 
Danek, et al. J. Amer.Chem. Soc., 1996. 
DoY. R., Et al., J'. Appl. Phys. 2004, 96, 7629. 
DoY. R., Et al.,Adv. Mater. 2003, 15, 1214. 
Empedocles, S.A. Et al, “Photoluminescence Spectrosopy of Single 
CdSe Nanocrystallite Quantum Dots” vol. 77, No. 18, Oct. 28, 1996. 
Firth, A.V., Et al., “Optical Properties of CdSe nanocrystals in a 
polymer matrix”, Applied Physics Letters, vol. 75, No. 20, 3120 et 
seq. (1999). 
Fogg, D.E. Et al, “Fabrication of Quantum Dot-Polymer Composites: 
Semiconductor Nanoclusters in Dual-Function Polymer Matrices 
with Electron-Transpoding and Cluster-Passivating Properties” 
Macromolecules 1997, 30, 8433-8439. 
Fuchs T., Et al., “Making waveguldes containing nanocrystalline 
quantum dots”, Proc.of SPIE, 5592, 265 (2004). 
Fujita M., Et al., Jpn. J'. Appl. Phys. 2006, 44, 3669. 
Greenham, N.C., Et al, “Charge seperation and transport in conju 
gated-polymer/semiconductor-nanocrystal composites studied by 
photoluminescense quenching and photoconductivity” Physical 
Review B vol. 54, No. 24, Dec. 15, 1996, pp. 17628-17637. 
Gu, G., Et al. Opt. Lett.1997, 22, 396. 
Hines M. A., Et al., Adv. Mater. 2003, 15, 1844. 
Hines M. A., Et al., J'. Phys. Chem. 1996, 100, 468. 
Huang W., Et al., Jpn. J. Appl. Phys. vol. 45, No. 41, 2006. 
Ida N. Et al., “Organic Light Emitting Diode (OLED) and its appli 
cation to lighting devices,” SPIE Proceedings, 6333, 63330M (2005). 
Ishihara K., El al., Appl. Phys. Lett. 2007, 90, 111114. 
Jordan R. H., Et al., Appl. Phys. Lett. 1998, 69, 1997. 
Kagan, et al. , Physical Review B vol. 54, No. 12 Sep. 15, 1996. 
KaZlas P, Et al., “Progress in Developing High Efficiency Quantum 
Dot Displays” SID’07 Digest, p. 176 (2007). 
KimY. 4C, S. Et al.,Appl. Phys. Lett. 2008, 89, 173502. 
Kim L.A., Et al., Nano Letters, vol. xx, No. X, XXXX , Aug. 18, 2008. 
Kortan, et al., J. Amer. Chem. Soc., 1990, 112, 1327. 
Krummacher B.C., J. Appl. Phys. 100 054702 (2006). 
LaMerV. K., Et al., J'. Am. Chem. Soc. 1960, 72, 4847. 
LeeY. fl, Et al., Appl. Phys. Lett. 2003, 82, 3779. 
Lee, Et al., “Full Color Emission From II-VI Semiconductor Quan 
tum-Dot Polymer Composites”. Adv. Mater. 2000, 12, No. 15 Aug. 2, 
pp. 1102-1105. 
Lim, et al. Adv. Mater. 2007, 19, 1927-1932. 
Madigan, C. F., Et al. Appl. Phys. Lett. 2000, 76, 1650. 
Mikulec, F.V. Et al, “Synthesis and Characterization of Highly Lumi 
nescent (CdSe)ZnS Quantum Dots” Met. lies. Soc. Symp. Proc. vol. 
452 1997 Materials Research Society. 
Moeller G., Et al. “Quantum-Dot LightiEmitting Devices for Dis 
plays” SID’06 Digest (2006). 
Moller S. Et al., J'. Appl. Phys. 2002, 91, 3324. 

Mulder C.L., Et al., Applied Physics Letters. 90. 211109 (2007). 
Murray, C. B., Et al. Annu. Rev. Mater. Sci. 2000, 30, 545. 
Murray, C. B., Et al. J'. Am. Chem. Soc. 1993, 115, 8706. 
Nakamura T., Et al., Optical Review, vol. 11, p. 370-377, 2004. 
Nakamura T., Et al., J'. Appl. Phys. 2005, 97, 054505. 
Nakamura T., Et al., J. Appl. Phys., vol. 96, No. 11, Dec. 1,2004. 
OlssonY. K., Et al., “Fabrication and optical properties of polymeric 
waveguides containing nanocrystalline quantum dots”, Applied 
Physics Letter, 18 4469 (2004). 
Pang, et al. Optics Express, Jan. 10, 2005 vol. 13, No. 1. 
Patel N. K., Et al., IEEEJ'. Sel. T0p. Quantum Electron. 2002, 8, 346. 
PCT International Report on Patentability, dated Sep. 9, 2008, for 
PCT/US2007/005589. 
PCT International Report on Patentability, dated Sep. 9, 2008, for 
PCT/US2008/08822. 
PCT International Report on Patentability, dated Sep. 11, 2008, for 
PCT/US2008/07902. 
PCT International Report on Patentability, dated Jan. 26, 2010, for 
PCT/US2008/08924. 
Peng H.J., Et al., Journal ofApplied Physics vol. 96, No. 3, Aug. 1, 
2004. 
Peng H. J., Et al., SID Int. Symp. Digest Tech. Papers 2003, 34, 516. 
Ran G.Z., El al., J. Opt. Pure Appl. Opt. 8 (2006). 
Rohwer, et al. Proc. Of SPIE vol. 5366 (2004). 
Segal M., El al., Nature Materials. 6. 374-378 (2007). 
Segal M., Et al., Physical Review B. 68. 075211 (2003). 
Shiang J.J., Et al., J. Appl, Phys., vol. 95, No. 5, Mar. 1,2004. 
Song, et al, Nanotechnology 18 (2007), 055402. 
Steckel J. S., Et al., “Monolayers and Multilayers of 
[Mn12012(O2CMe)16]”, Nano Letters, 4, 399 (2004). 
Steckel J. S., Et al., “1.3 umto 1.55 um Tunable Electroluminescence 
from PbSe Quantum Dots Embedded within an Organic Device”, 
Adv. Mater, 15, 1862 (2003). 
Steckel J. 5., Et al., “On the Mechanism of Lead Chalcogenide 
Nanocrystal Formation”, Journal of the American Chemical Society, 
128, 13032 (2006). 
Steckel, J. S., Et al., “Color Saturated Green-Emitting QD-LEDs”, 
Angewandte Chemie International Edition, 45, 5796 (2006). 
Steckel, J. S., Et al., “Blue Luminescence from (CdS)ZnS Core-Shell 
Nanocrystale”, Angewandte Chemie International Edition, 43, 2154 
(2004). 
SunY., Et al., J. Appl. Phys. 100, 073106 (2006). 
Tang, C. W., Et al. Appl. Phys. Lett. 1987, 51, 913. 
Thoma, et al., Proc. Of SPIE vol. 5276 (2004), pp. 202 et seq. 
Tsutsui T., Et al., Adv. Mater. 2001, 13, 1149. 
Tsutsui T., Et al., Trans. R. Soc. LondonA 1997, 355, 801. 
Tsutsui T., Et al, Jpn. J'. Appl. Phys., Part 2 1999, 38, L1502.). 
Weller, H., QuantiZed Semiconductor Particles: “A Novel Stale of 
Matter for Materials Science” Adv. Mater. 1993. 5. No. 2, pp. 88-95. 
Yamasaki T., Et al, App. Phys. Lett. 2000, 76, 1243. 
Yanagida, S. Et al., “Preparation of QuantiZed-CdS Doped 
Poly(Methyl Methacrylate) Films, Optical and Morphological Prop 
erties”, Chem. Lett., pp. 1773-1776, 1990. 
Yang, et al. J. Mater. Chem., 1897, 7 (1), 131-133. 
Yokogawa H., Et al., SID Int. Symp. Digest Tech. Papers 2001, 32, 
405. 
Ziegler, et al. Adv. Mater. 2008, 20, 4068-4073. 

* cited by examiner 



US. Patent Mar. 26, 2013 Sheet 1 of4 US 8,405,063 B2 

?ght {mm tame QLEQ mnitiéng Myer 

Q8 .. 

imicswgiing w} 
Fi?ms 



US. Patent Mar. 26, 2013 Sheet 2 of4 US 8,405,063 B2 

800 

750 

700 

650 

550 600 FIG. 2 

500 

450 

400 

350 



US. Patent Mar. 26, 2013 Sheet 3 of4 US 8,405,063 B2 

mm 



US. Patent Mar. 26, 2013 Sheet 4 of4 US 8,405,063 B2 



US 8,405,063 B2 
1 

QUANTUM DOT LIGHT ENHANCEMENT 
SUBSTRATE AND LIGHTING DEVICE 

INCLUDING SAME 

This application is a continuation application of commonly 
owned International Application No. PCT/US2008/008924, 
?led 23 Jul. 2008, Which Was published in the English lan 
guage as PCT Publication No. WO 2009/014707 on 29 Jan. 
2009. PCT Application No. PCT/US2008/008924 claims pri 
ority to US. Application No. 60/951,427, ?led Jul. 23, 2007 
and US. Application No. 61/074,028, ?led 19 Jun. 2008. 
Each of the foregoing applications is hereby incorporated 
herein by reference in its entirety. 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates to the technical ?elds of ?lms 
including quantum dots (QDs); components including quan 
tum dots, Which are useful for lighting applications; and 
devices including the foregoing. 

SUMMARY OF THE INVENTION 

In accordance With one embodiment of the present inven 
tion, there is provided a component comprising a substrate 
comprising a material that is transparent to light Within a 
predetermined range of Wavelengths, a color conversion 
material comprising quantum dots disposed over a predeter 
mined region of a surface of the substrate, and a conductive 
material disposed over at least a portion of the color conver 
sion material, the conductive material being transparent to 
light Within a second predetermined range of Wavelengths. 

In certain embodiments, a component can include a sub 
strate comprising a material that is transparent to light Within 
a predetermined range of Wavelengths, a layer comprising a 
predetermined arrangement of features disposed over a pre 
determined region of a surface of the substrate, Wherein at 
least a portion of the features comprise a color conversion 
material comprising quantum dots, and a conductive material 
disposed over at least a portion of the layer, the conductive 
material being transparent to light Within a second predeter 
mined range of Wavelengths. 

In certain embodiments, features including color conver 
sion material are disposed in a dithered arrangement. 

In certain embodiments, a component can include a sub 
strate comprising a material that is transparent to light Within 
a predetermined range of Wavelengths, a layered arrangement 
including tWo or more layers disposed over a predetermined 
region of a surface of the substrate, Wherein each of the layers 
comprises a color conversion material comprising quantum 
dots capable of emitting light having a predetermined Wave 
length that is distinct from that emitted by quantum dots 
included in one or more of the other layers, and conductive 
material disposed over at least a portion of the layered 
arrangement, the conductive material being transparent to 
light Within a second predetermined range of Wavelengths. 

In certain embodiments, one or more outcoupling features 
disposed on a surface of the substrate opposite the color 
conversion material. 

In accordance With other embodiments of the present 
invention, there are provided lighting devices including com 
ponents described herein. 

In accordance With another embodiment of the present 
invention, there is provided a ?lm comprising a layer com 
prising a color conversion material comprising quantum dots 
and conductive material disposed over at least a portion of the 
layer. 
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2 
In certain embodiments, a ?lm comprises a conductive 

material and a plurality of features comprising a color con 
version material disposed over at least a portion of the con 
ductive material, Wherein the color conversion material com 
prises quantum dots and Wherein the color conversion 
material included in each of the features includes quantum 
dots capable of emitting light having a predetermined Wave 
length such that the ?lm is capable of emitting light of a 
preselected color When optically coupled to a source of light 
emission. In certain embodiments, a preselected color of 
White is desirable. 

In certain embodiments, a ?lm comprises a layered 
arrangement of tWo or more ?lms comprising color conver 
sion material, Wherein color conversion material includes 
quantum dots and Wherein the color conversion material 
included in each ?lm is selected to include quantum dots 
capable of emitting light having a predetermined Wavelength 
such that the layered arrangement is capable of emitting light 
of a preselected color When optically coupled to a source of 
light emission. In certain embodiments, ?lms are arranged in 
order of decreasing or increasing Wavelength. 

In accordance With other embodiments of the present 
invention, there are provided components including ?lms 
described herein. 

In accordance With other embodiments of the present 
invention, there are provided lighting devices including ?lms 
described herein. 

In accordance With another embodiments of the of the 
present invention, there is provided a lighting device includ 
ing a component comprising a substrate comprising a mate 
rial that is transparent to light Within a predetermined range of 
Wavelengths, a color conversion material comprising quan 
tum dots disposed over a predetermined region of a surface of 
the substrate, and a conductive material disposed over at least 
a portion of the color conversion material, the conductive 
material being transparent to light Within a second predeter 
mined range of Wavelengths, the conductive material forming 
a ?rst electrode of the device; an emissive layer disposed over 
at least a portion of the conductive material, Wherein the 
emissive layer comprises a material capable of emitting light; 
and a second electrode disposed over the emissive layer. 

In various embodiments described herein, reference to 
light Within a predetermined range of Wavelengths includes 
light With a predetermined Wavelength. 
Quantum dots comprising semiconductor nanocrystals are 

preferred for use in the present inventions. 
The foregoing, and other aspects and embodiments 

described herein and contemplated by this disclosure all con 
stitute embodiments of the present invention. 

It is to be understood that both the foregoing general 
description and the folloWing detailed description are exem 
plary and explanatory only and are not restrictive of the inven 
tion as claimed. Other embodiments Will be apparent to those 
skilled in the art from consideration of the speci?cation and 
practice of the invention disclosed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the draWings, 
FIGS. 1(a) and (b) schematically depict examples of 

embodiments of a component in accordance With the present 
invention. 

FIG. 2 illustrates simulated spectra of an example of an 
embodiment of a light-emitting device that includes a blue 
Ph-OLED (?r6) and three ?lms including color conversion 
materials, each of Which includes quantum dots capable of 
emitting light having a predetermined Wavelength. 
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FIG. 3 schematically depicts examples of embodiments of 
light emitting devices in accordance With the present inven 
tion Wherein the device includes quantum dots in multi-layer 
?lms ((a) and (c)) and in spatially dithered con?gurations ((b) 
and (d)). 

The attached ?gures are simpli?ed representations pre 
sented for purposes of illustration only; the actual structures 
may differ in numerous respects, particularly including the 
relative scale of the articles depicted and aspects thereof. 

For a better understanding to the present invention, 
together With other advantages and capabilities thereof, ref 
erence is made to the folloWing disclosure and appended 
claims in connection With the above-described draWings. 

DETAILED DESCRIPTION OF THE INVENTION 

In accordance With one embodiment of the invention, there 
is provided a ?lm comprising a layer comprising a color 
conversion material comprising quantum dots and conductive 
material disposed over at least a portion of the layer. 

In certain embodiments, the quantum dots comprise semi 
conductor nanocrystals. 

In certain embodiments, a ?lm comprises a conductive 
material and a plurality of features comprising a color con 
version material disposed over at least a portion of the con 
ductive material, Wherein the color conversion material com 
prises quantum dots and Wherein the color conversion 
material included in each of the features is selected to include 
quantum dots capable of emitting light having a predeter 
mined Wavelength such that the ?lm is capable of emitting 
light of a preselected color When optically coupled to a source 
of light emission. 

In certain embodiments, the preselected color is White. 
In certain embodiments, ?lm comprises a layered arrange 

ment of tWo or more layers comprising color conversion 
material, Wherein color conversion material includes quan 
tum dots and Wherein the color conversion material included 
in each layer is selected to include quantum dots capable of 
emitting light having a predetermined Wavelength such that 
the ?lm is capable of emitting light of a preselected color 
When optically coupled to source of light emission. In certain 
embodiments, layers are arranged in order of decreasing or 
increasing Wavelength. 

In accordance With another embodiment of the present 
invention, there is provided a component comprising a sub 
strate comprising a material that is transparent to light Within 
a predetermined range of Wavelengths, a color conversion 
material comprising quantum dots disposed over a predeter 
mined region of a surface of the substrate, and a conductive 
material disposed over at least a portion of the color conver 
sion material, the conductive material being transparent to 
light Within a second predetermined range of Wavelengths. 

In certain embodiments, the quantum dots comprise semi 
conductor nanocrystals. 

In certain embodiments, the component includes tWo or 
more layers comprising color conversion material, Wherein 
each layer comprises a color conversion material comprising 
quantum dots that are capable of emitting light having a 
predetermined Wavelength that is distinct from light that can 
be emitted by quantum dots included in at least one of the 
other layers. 

In certain embodiments, a component comprises a sub 
strate comprising a material that is transparent to light Within 
a predetermined range of Wavelengths, a layer comprising a 
predetermined arrangement of features disposed over a pre 
determined region of a surface of the substrate, Wherein at 
least a portion of the features comprise a color conversion 
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4 
material comprising quantum dots, and a conductive material 
disposed over at least a portion of the layer, the conductive 
material being transparent to light Within a second predeter 
mined range of Wavelengths. 

In certain preferred embodiments, the predetermined 
arrangement comprises a dithered arrangement. 

In certain embodiments, the predetermined arrangement 
includes features comprising color conversion material and 
features comprising material With a refractive index that is not 
the same as that of the color conversion material. 

In certain embodiments, the predetermined arrangement 
includes features comprising color conversion material and 
features comprising material With outcoupling capability. 

In certain embodiments, the predetermined arrangement 
includes features comprising color conversion material and 
features comprising material With outcoupling and non-scat 
tering capability. 

In certain embodiments, features comprising color conver 
sion material are arranged in a dithered arrangement and 
Wherein color conversion material included in each of the 
features is selected to include quantum dots capable of emit 
ting light having a predetermined Wavelength such that the 
component is capable of emitting White light When integrated 
into a light source. 

In certain embodiments, at least a portion of the features 
including color conversion material are optically isolated 
from other features including color conversion material. 

In certain embodiments, at least a portion of the features 
including color conversion material are optically isolated 
from other features including color conversion material by 
air. For example, the features may be spaced apart from each 
other. In certain embodiments, the spacing canbe on a scale of 
millimeters to nanometers. 

In certain embodiments, at least a portion of the features 
including color conversion material are optically isolated 
from other features including color conversion material by a 
loWer or higher refractive index material. 

In certain embodiments, re?ective material is included in 
spaces betWeen at least a portion of the features including 
color conversion material. 

In certain embodiments, the predetermined arrangement 
comprises features including color conversion material, fea 
tures comprising re?ective material, and features comprising 
scatterers. 

In certain embodiments, a component comprises a sub 
strate comprising a material that is transparent to light Within 
a predetermined range of Wavelengths, a layered arrangement 
including tWo or more layers disposed over a predetermined 
region of a surface of the substrate, Wherein each of the layers 
comprises a color conversion material comprising quantum 
dots capable of emitting light having a predetermined Wave 
length that is distinct from that emitted by quantum dots 
included in one or more of the other layers, and conductive 
material disposed over at least a portion of the layered 
arrangement, the conductive material being transparent to 
light Within a second predetermined range of Wavelengths, 
and one or more outcoupling features disposed on a surface of 
the substrate opposite the color conversion material. 

In certain embodiments, a substrate comprises a 
Waveguide. 

In certain embodiments, a substrate is ?exible. 
In certain embodiments, a substrate is rigid. 
In certain embodiments, a component further includes a 

thin ?lm interference ?lter betWeen the substrate and color 
conversion material. Such ?lter can be useful to recycle 
unconverted light back into the color conversion material and 
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to remove undesired light from light emitted from the com 
ponent or device including same. 

In certain embodiments, a component further includes one 
or more outcoupling features disposed on a surface of the 
substrate opposite the color conversion material. 

In certain embodiments, an outcoupling feature comprises 
a microlens. 

In certain embodiments, an outcoupling feature comprises 
a micro-relief structure. 

In certain embodiments, the component further includes an 
array of outcoupling features on a surface of the substrate 
opposite the color conversion material. 

In certain embodiments, at least a portion of the outcou 
pling features are con?gured to have predetermined outcou 
pling angles. 

In certain embodiments, at least a portion of the outcou 
pling features include a substantially hemispherical surface. 

In certain embodiments, at least a portion of the outcou 
pling features include a curved surface. 

In certain embodiments, at least a portion of the features 
are printed. 

In certain embodiments, features can be printed by screen 
printing, contract printing, or inkjet printing. 

In certain embodiments of ?lms, components, and devices 
described herein, color conversion material further comprises 
a host material in Which the quantum dots are dispersed. A 
non-limiting list of examples of host materials are described 
beloW. 

In certain embodiments, color conversion material further 
comprises a binder in Which the quantum dots are dispersed. 

In certain embodiments, color conversion material has an 
index of refraction greater than or equal to the index of refrac 
tion of the conductive material. 

In certain embodiments, the ho st material is transparent to 
light in the predetermined range of Wavelengths and light in 
the second predetermined range of Wavelengths. For 
example, in certain embodiments, the host material is prefer 
ably at least 70%, more preferably at least 80%, and most 
preferably at least 90%, transparent to light to be color con 
ver‘ted by the quantum dots. In certain embodiments, the host 
material is preferably at least 70%, more preferably at least 
80%, and most preferably at least 90%, transparent and light 
emitted by the quantum dots. 
A host material can be an organic material or an inorganic 

material. As mentioned above, non-limiting examples of host 
materials are provided herein. 

In certain embodiments, a host material has an index of 
refraction greater than or equal to the index of refraction of 
the conductive material. 

In embodiments described herein including more than one 
color conversion materials, one or more of such materials can 
further include a host material. When more than one color 
conversion material including a ho st material is used, the host 
material in each can be the same host material. In certain 
embodiments, different host material can be included in one 
or more of the different color conversion materials. 

In certain embodiments, color conversion materials can 
further includes scatterers. 

In certain embodiments, light emitted from the surface of 
the component is substantially uniform across a predeter 
mined region of the substrate surface. In certain embodi 
ments, White light is emitted. 

In certain embodiments, a re?ective material is included on 
the edges of the substrate. 

In certain embodiments, a re?ective material is included 
around at least a portion of the edges of the substrate. 
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6 
Examples of re?ective materials include silver and alu 

mina. Other re?ective materials can be used. 
In certain embodiments including one or more layers com 

prising color conversion material, each layer is capable of 
emitting light at a Wavelength that is distinct from that of any 
of the other layers. 

In certain embodiments including one or more layers 
including different color conversion materials in a layered 
arrangement, the layers are arranged in order of decreasing 
Wavelength from the conductive material, With the ?lm 
capable of emitting light at the highest Wavelength being 
closest to the conductive material and the ?lm capable of 
emitting light at the loWest Wavelength being farthest from the 
conductive material. 

In certain embodiments including a predetermined 
arrangement of features including color conversion materials, 
the light-emitting characteristics of the quantum dots 
included in color conversion materials included in the fea 
tures can be selected based on the preselected light output 
desired. 

In certain embodiments, for example, a ?rst portion of the 
features includes quantum dots capable of emitting red light, 
a second portion of the features includes quantum dots 
capable of emitting orange light, a thirdpor‘tion of the features 
includes quantum dots capable of emitting yelloW light, a 
fourth portion of the features includes quantum dots capable 
of emitting green light, and a ?fth portion of the features 
includes quantum dots capable of emitting blue light 

In another example, a ?rst portion of the features includes 
quantum dots capable of emitting red light, a second portion 
of the features includes quantum dots capable of emitting 
orange light, a third portion of the features includes quantum 
dots capable of emitting yelloW light, a fourth portion of the 
features includes quantum dots capable of emitting green 
light, and a ?fth portion of the features includes optically 
transparent scatterers or non-scattering material. 

In another example, a ?rst portion of the features includes 
quantum dots capable of emitting blue light, a second portion 
of the features includes quantum dots capable of emitting 
green light, a third portion of the features includes quantum 
dots capable of emitting yelloW light, and a fourth portion of 
the features includes quantum dots capable of emitting red 
light. 

In another example, a ?rst portion of the features includes 
optically transparent scatterers or non-scattering material, a 
second portion of the features includes quantum dots capable 
of emitting green light, a third portion of the features includes 
quantum dots capable of emitting yelloW light, and a fourth 
portion of the features includes quantum dots capable of 
emitting red light. 

In a further example, a ?rst portion of the features includes 
quantum dots capable of emitting red light, a second portion 
of the features includes quantum dots capable of emitting 
green light, and a third portion of the features includes quan 
tum dots capable of emitting blue light. 

In still another example, a ?rst portion of the features 
includes optically transparent scatterers or non-scattering 
material, a second portion of the features includes quantum 
dots capable of emitting red light, and a third portion of the 
features includes quantum dots capable of emitting green 
light. 

In yet another example, a ?rst portion of the features 
includes quantum dots capable of emitting blue light, and a 
second portion of the features includes quantum dots capable 
of emitting yelloW light. 

In a still further example, a ?rst portion of the features 
includes optically transparent scatterers or non-scattering 
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material, and a second portion of the features include quan 
tum dots capable of emitting yellow light. 

Other color conversion materials in other arrangements can 
also be used based on the light output desired and the color of 
the excitation light for the quantum dots. For example, in the 
foregoing examples, arrangements including blue quantum 
dots can be used With an ultraviolet light source to provide a 
blue component of light in light emitted from a ?lm, compo 
nent, or device including such arrangement of features. In the 
foregoing examples, arrangements including scatterers and/ 
or nonscattering materials and not blue quantum dots can be 
used With a blue light source, the blue source light providing 
the blue component of light emitted from a ?lm, component, 
or device including such arrangement of features. 

In certain embodiments including a layered arrangement of 
?lms including color conversion materials, the composition 
of, and number of, ?lms can be selected based on the prese 
lected light output desired and the excitation light source. 

In certain embodiments, for example, a layered arrange 
ment includes a ?rst ?lm including quantum dots capable of 
emitting red light, a second ?lm including quantum dots 
capable of emitting orange light, a third ?lm including quan 
tum dots capable of emitting yelloW light, a fourth ?lm 
including quantum dots capable of emitting green light, and a 
?fth ?lm including quantum dots capable of emitting blue 
light. 

In another example, a layered arrangement includes a ?rst 
?lm including quantum dots capable of emitting red light, a 
second ?lm including quantum dots capable of emitting 
orange light, a third ?lm including quantum dots capable of 
emitting yelloW light, a fourth ?lm including quantum dots 
capable of emitting green light, and a ?fth ?lm including 
scatterers or non-scattering material to outcouple light. 

In another example, a layered arrangement includes a ?rst 
?lm including quantum dots capable of emitting blue light, a 
second ?lm including quantum dots capable of emitting green 
light, a third ?lm including quantum dots capable of emitting 
yelloW light, and a fourth ?lm including quantum dots 
capable of emitting red light. 

In still another example, a layered arrangement includes a 
?rst ?lm including optically transparent scatterers or non 
scattering material, a second ?lm including quantum dots 
capable of emitting green light, a third ?lm including quan 
tum dots capable of emitting yelloW light, and a fourth ?lm 
including quantum dots capable of emitting red light. 

In a further example, a layered arrangement includes a ?rst 
?lm including quantum dots capable of emitting red light, a 
second ?lm including quantum dots capable of emitting green 
light, and a third ?lm including quantum dots capable of 
emitting blue light. 

In a still further example, a layered arrangement includes a 
?rst ?lm including quantum dots capable of emitting red 
light, a second ?lm including quantum dots capable of emit 
ting green light, and a third ?lm including scatterers or non 
scattering material to outcouple light. 

In yet another example, a layered arrangement includes a 
?rst ?lm including quantum dots capable of emitting blue 
light, a second ?lm including quantum dots capable of emit 
ting yelloW light. 

In yet another example, a layered arrangement includes a 
?rst ?lm including quantum dots capable of emitting yelloW 
light, a second ?lm including scatterers or non-scattering 
material to outcouple light. 

Other color conversion materials in other layered arrange 
ments can also be used based on the light output desired and 
the color of the excitation light for the quantum dots. For 
example, in the foregoing examples, arrangements including 
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8 
blue quantum dots can be used With an ultraviolet light source 
to provide a blue component of light in light emitted from a 
?lm, component, or device including such arrangement of 
features. In the foregoing examples, arrangements including 
scatterers and/ or nonscattering materials and not blue quan 
tum dots can be used With a blue light source, the blue source 
light providing a blue component of light in light emitted 
from a ?lm, component, or device including such arrange 
ment of features. 

In accordance With other embodiments of the present 
invention, there are provided components including one or 
more ?lms described herein. 

In accordance With other embodiments of the present 
invention, there are provided lighting devices including one 
or more of the ?lms and/or components described herein. 

In certain embodiments, in a lighting device including a 
component described herein, the conductive material can act 
as an electrode of the device. 

Solid state lighting devices, including thin ?lm light emit 
ting devices such as OLEDs, quantum dot light emitting 
devices, thin ?lm electroluminescent devices, are knoWn in 
the art. The ?lms and components described herein are useful 
for improving these solid state lighting devices. 

In certain embodiments, a lighting device includes a com 
ponent comprising a substrate comprising a material that is 
transparent to light Within a predetermined range of Wave 
lengths, a color conversion material comprising quantum dots 
disposed over a predetermined region of a surface of the 
substrate, and a conductive material disposed over at least a 
portion of the color conversion material, the conductive mate 
rial being transparent to light Within a second predetermined 
range of Wavelengths, the conductive material forming a ?rst 
electrode of the device; an emissive layer disposed over at 
least a portion of the conductive material, Wherein the emis 
sive layer comprises a material capable of emitting light; and 
a second electrode disposed over the emissive layer. 

In certain embodiments, a lighting device includes a com 
ponent comprising a substrate comprising a material that is 
transparent to light Within a predetermined range of Wave 
lengths, a layer comprising a predetermined arrangement of 
features disposed over a predetermined region of a surface of 
the substrate, Wherein at least a portion of the features com 
prise a color conversion material comprising quantum dots, 
and a conductive material disposed over at least a portion of 
the layer, the conductive material being transparent to light 
Within a second predetermined range of Wavelengths, the 
conductive material forming a ?rst electrode of the device; an 
emissive layer disposed over at least a portion of the conduc 
tive material, Wherein the emissive layer comprises a material 
capable of emitting light; and a second electrode disposed 
over the emissive layer. 

In certain embodiments, a lighting device includes a com 
ponent comprising a substrate comprising a material that is 
transparent to light Within a predetermined range of Wave 
lengths, a layered arrangement including tWo or more layers 
disposed over a predetermined region of a surface of the 
substrate, Wherein each of the layers comprises a color con 
version material comprising quantum dots capable of emit 
ting light having a predetermined Wavelength that is distinct 
from that emitted by quantum dots included each of the other 
layers, and electrode material disposed over at least a portion 
of the layered arrangement, the conductive material being 
transparent to light Within a second predetermined range of 
Wavelengths, the conductive material forming a ?rst electrode 
of the device; an emissive layer disposed over at least a 
portion of the conductive material, Wherein the emissive layer 
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comprises a material capable of emitting light; and a second 
electrode disposed over the emissive layer. 

In such embodiments, a device can further include one or 
more charge transport layers betWeen the electrodes. 

In such embodiments, a device can further include one or 
more charge injection layers betWeen the electrodes. 

In certain of such embodiments, an emissive layer can 
comprise quantum dots. 

In certain of such embodiments, an emissive layer can 
comprise an organic electroluminescent material. 

In certain of such embodiments, an emissive layer can 
comprise an electroluminescent phosphor. 

In certain embodiments, a substrate included in component 
included in a lighting device further includes one or more 
outcoupling features on a surface of the substrate opposite the 
color conversion material. 

In certain embodiments, the emissive layer included in a 
device is capable of emitting blue light. 

In certain embodiments, the emissive layer included in a 
device is capable of emitting ultraviolet light. 

In certain embodiments, the emissive layer included in a 
device is capable of emitting light With a predetermined 
Wavelength. 

In certain embodiments, composition and arrangement of 
color conversion materials included in a component included 
in a lighting device is preselected for achieving the desired 
light output from the device. Non-limiting examples are 
described above. 

In certain embodiments, a ?lm, device, and component 
described herein can further include a UV ?lter to remove UV 
light from light emitted from the device from Which UV 
emission could occur. 

In certain embodiments of ?lms, devices, and/or compo 
nents described herein including a layered arrangement 
including tWo or more ?lms including color conversion mate 
rial, the ?lms are arranged in order of decreasing Wavelength. 
Preferably, the ?lm capable of emitting light at the highest 
Wavelength being closest to the conductive material and the 
?lm capable of emitting light at the loWest Wavelength being 
farthest from the conductive material. 

In certain embodiments of ?lms, devices, and/or compo 
nents described herein, the color conversion material can 
absorb at least 70%, more preferably, at least 80%, and most 
preferably, at least 90%, of light to be color converted. 

In certain embodiments, a color conversion material 
includes quantum dots Without a host material. In certain of 
such embodiments, color conversion material preferably has 
a thickness of less than about 10 microns, and more prefer 
ably less than one micron. 

In certain embodiments, a color conversion material 
includes quantum dots distributed in a host material. In cer 
tain of such embodiments, for example, including about 2-3 
Weight percent quantum dots based on the Weight of the host 
material, color conversion material preferably has a thickness 
of less than about 100 microns, and more preferably less than 
70 microns. In certain embodiments, the thickness can be in a 
range from about 40-70 or 50-60 microns. 

Concentrations, thickness, and con?gurations, etc. Will 
vary based on the materials used, performance criteria, and 
other design choices. 

In certain embodiments including a ho st material, the host 
material preferably has an index of refraction greater than or 
equal to that of the conductive material being used. 

In certain embodiments of ?lms, components, and devices 
described herein including features including color conver 
sion material, a feature can be submicron (e.g., less than 1 
micron). In certain embodiments, a feature can have a siZe in 
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10 
the range from about 100 nm to about 1 micron. Other siZed 
may also be desired based on the application and desired light 
effect. 

In certain embodiments of ?lms, components, and devices 
described herein, the conductive material is disposed in a 
second predetermined arrangement. For example, in certain 
embodiments a conductive material can be patterned or 
unpatterned. In patterned embodiments, a feature of the pat 
tern can have a siZe less than or equal to about 10 cm, less than 
or equal to about 1 cm, less than or equal to about 1 mm, less 
than or equal to about 100 microns. Other siZe features can 
also be used. An unpatterned area of conductive material and 
a feature of patterned conductive material may be referred to 
for purposes of this discussion as a pixel. In certain embodi 
ments, the siZe of the features comprising color conversion 
material canbe submicron, Which can be signi?cantly smaller 
than the siZe of the features of the conductive material. This 
can permit dithering of features of color conversion material 
Within the area of a corresponding pixel of conductive mate 
rial. 
As discussed above, in certain embodiments, a component 

includes a substrate, at least one layer including a color con 
version material comprising quantum dots disposed over the 
substrate, and a layer comprising a conductive material (e. g., 
indium-tin-oxide) disposed over the at least one layer. (Such 
component is also referred to herein as a QD light-enhance 
ment substrate (QD-LES).) In certain preferred embodi 
ments, the substrate is transparent to light, for example, vis 
ible light, ultraviolet light, and/ or infrared radiation. In 
certain embodiments, the substrate is ?exible. In certain 
embodiments, the substrate includes an outcoupling element. 
In certain embodiments, the substrate includes a microlens 
array. In certain embodiments, the substrate has a microlens 
array on the light-emitting surface thereof. In certain embodi 
ments, the at least one layer comprising quantum dots is 
patterned. In certain embodiments, the at least one layer com 
prising quantum dots is unpatterned. In certain preferred 
embodiments, the at least one layer comprises a solution 
processable quantum dots. 

In accordance With another aspect of the present invention, 
there is provided a light emitting device including a compo 
nent described herein. In certain embodiments, the compo 
nent includes at least one layer including quantum dots 
(QDs). In certain embodiments, the at least one layer com 
prising quantum dots is patterned. In certain embodiments, 
the at least one layer comprising quantum dots is unpatterned. 
In certain preferred embodiments, the at least one layer com 
prises a solution-processable quantum dots. In certain 
embodiments, the light emitting device includes a substrate 
comprising at least one layer comprising quantum dots dis 
posed over the substrate, and a layer comprising indium-tin 
oxide (ITO) disposed over the at least one layer. In certain 
embodiments, the substrate is ?exible. In certain embodi 
ments, the substrate includes an outcoupling element. In cer 
tain embodiments, the substrate includes a microlens array. In 
certain embodiments, the substrate has a microlens array on 
the light-emitting surface thereof. In certain preferred 
embodiments, the substrate is transparent to light, for 
example, visible light, ultraviolet light, and/or infrared radia 
tion. In certain embodiments, the light emitting device com 
prises an organic light emitting device (OLED). In certain 
embodiments comprising an OLED, the OLED can achieve 
e?icient and stable color rendering index (CRI), Which can be 
desirable for various solid state lighting applications. In cer 
tain embodiments, the at least one layer including quantum 
dots is capable of generating tunable White emission from a 
light emitting device that emits blue light (see FIG. 1(a) for an 
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example of one embodiment), including, but not limited to an 
OLED. FIG. 1(a) schematically depicts an example of an 
embodiment of a quantum dot light enhancement substrate 
(QD-LES) incorporating ?lms comprising quantum dots 
capable of emitting light having a Wavelength distinct from 
that emitted by quantum dots in other ?lms. In certain 
embodiments, the quantum dots are dispersed in a ho st mate 
rial. Preferably the ho st material has a refractive index greater 
than or equal to that of the conductive material. The quantum 
dot containing ?lms are disposed betWeen a transparent con 
ductive or electrode material (e.g., an ITO ?lm; ITO has a 
refractive index of 1.8) and a base material comprising, for 
example, glass or other material With desired transparency. 

In certain embodiments, moisture and oxygen getters or 
desiccant can be included in a ?lm, component, or device 
included herein. 

In certain embodiments, a protective environmental coat 
ing may also be applied to the emitting face of a ?lm, com 
ponent, or device to protect the color conversion material 
from the environment. 

In the example of the embodiment depicted in FIG. 1(a), 
the layer comprising quantum dot (QD) integrated into ITO 
glass substrates can alter the emission from, e.g., a blue emit 
ting phosphorescent OLED (Ph-OLED) device, and out 
couple light from the ITO ?lm. 

In certain embodiments, an outcoupling element is further 
included in or on the external surface of the substrate. A 
preferred example of an outcoupling element comprises a 
microlens array. An example of an embodiment including a 
substrate including a microlens array is illustrated in FIG. 
1(b). In the example depicted in FIG. 1(b), a quantum dot light 
enhancement substrate (QD-LES) includes ?lms comprising 
quantum dots capable of emitting light having a Wavelength 
distinct from that emitted by quantum dots in other ?lms. In 
certain embodiments, the quantum dots are dispersed in a host 
material. Preferably the host material has a refractive index 
greater than or equal to that of the conductive material. The 
quantum dot containing ?lms are disposed betWeen a trans 
parent electrode (e.g., an ITO ?lm) and a base material com 
prising, for example, glass or other material With desired 
transparency. A microlens array is also included to improve 
outcoupling of light. 

(While the examples of embodiments shoWn in FIGS. 1(a) 
and (b) depict bottom-emitting OLED structures on glass 
substrates, in other embodiments, in other embodiments, the 
substrate can be ?exible and/or the OLED structure can be 

top-emitting OLED.). 
In the examples depicted in FIG. 1, three ?lms including 

quantum dots are included in the component. In certain 
embodiments, feWer ?lms can be included. In certain embodi 
ments, more than three ?lms can be included. The number of 
?lms is a design choice based on the predetermined spectral 
output desired from the component. 

In certain embodiments comprising an OLED, the sub 
strate including quantum dots Will simultaneously increase 
OLED light out-coupling While preferably providing >85 
CRI White light, more preferably >90 CRI, and most prefer 
ably >95, White light, that is readily tunable and inherently 
stable for any diffuse lighting application. 

In certain embodiments comprising an OLED, OLED 
external quantum ef?ciencies can be improved by potentially 
more than 100% While producing high CRI White light With 
enhanced stability performance over a Wide range of intensi 
ties. In certain embodiments, as shoWn in FIG. 2, a CRI>95 
White light With unprecedented color stability performance 
over a Wide range of intensities may be achieved. FIG. 2 
provides a simulated spectra of a CRII86 QD-LES (including 
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three ?lms including quantum dots) optically coupled to a 
blue Ph-OLED (?r6). The simulation is based in inclusion of 
a red-emitting ?lm, a yelloW-emitting ?lm, and a green-emit 
ting ?lm. A 5500K black body radiation curve is also plotted 
for reference. 

In certain embodiments, a ?lm or layer comprising quan 
tum dot is directly applied to a substrate by solution process 
ing techniques. Preferably, the refractive index of the ?lm or 
layer comprising quantum dots is greater than the refractive 
index of the substrate over Which the ?lm or layer is disposed 
and is greater than the refractive index of the layer of conduc 
tive material (e. g., indium-tin-oxide (ITO)) Which is disposed 
over the ?lm or layer comprising quantum dots. Preferably, 
the inclusion of the ?lm or layer comprising quantum dots 
betWeen the substrate and the conductive layer (e. g., ITO) can 
provide unprecedented increases in light extraction ef?cien 
cies When included in an OLED along With stable, high (pref 
erably >85, more preferably >90, most preferably >95) CRI 
White light. 

Since the publication of multilayered organic electrolumi 
nescent (EL) devices in 1987 (C. W. Tang, S. A. VanSlyke, 
Appl. Phys. Le”. 1987, 51, 913), the development of OLED 
materials and device architectures has driven continuous 
advancements in EL device ef?ciencies. In fact, When Baldo 
et. al. introduced the use of phosphorescent emitters (M. A. 
Baldo, S. Lamansky, P. E. Burrows, M. E. Thompson, and S. 
R. Forrest, Appl. Phys. Le”. 1999, 75, 4. T. Tsutsui et al, Jpn. 
J. Appl. Phys, Part 2 1999, 38, L1502.) 
Ph-OLED devices Were shoWn to operate With nearly 

100% internal quantum ef?ciencies. HoWever, only a fraction 
of the total photons generated in these devices are usefully 
extracted because of the total internal re?ection (TIR) and 
Wave-guiding effects of the high-index layers comprising the 
device and anode. The loss mechanism is associated With the 
absorption of the re?ected and Wave-guided photons by the 
metal electrode, the organic layers themselves, and the 
indium tin oxide (ITO) electrode. Consequently, the mea 
sured external quantum e?iciencies of these devices are typi 
cally only ~20% of the internal ef?ciency (T. Tsutsui, E. 
Aminaka, C. P. Lin, D.-U. Kim, Philos. Trans. R. Soc. London 
A 1997, 355, 801 , N. K. Patel, S. Cina, J. H. Burroughes, IEEE 
J. Sel. Top. Quantum Electron. 2002, 8, 346) 

While many methods have been proposed and attempted to 
increase the light out-coupling e?iciency Within an OLED 
device structure, considerable improvements are still needed 
to enable OLEDs to achieve the performance and cost needed 
to enter the solid state lighting (SSL) market. 

While increases in extraction e?iciency have been realiZed, 
considerable room for improvement remains. 

In accordance With certain preferred embodiments of the 
invention, a planar, composite material including quantum 
dots dispersed therein is included in a substrate for a blue 
emitting ph-OLED. In certain embodiments, the composite 
material including quantum dots has a refractive index that is 
at least 0.1 higher, preferably at least 0.2 higher, more pref 
erably at least 0.3 higher than the substrate. In certain embodi 
ments further including a layer of ITO disposed over the one 
or more layers including quantum dots, the index of refraction 
of the composite including quantum dots is also at least 0.1 
higher, preferably at least 0.2 higher, more preferably at least 
0.3 higher than the ITO layer. The composite material includ 
ing quantum dots dispersed therein is capable of doWn-con 
ver‘ting a precisely tailored portion of the blue light emitted by 
the ph-OLED to create White light, most preferably With a 
high CRI (e.g., at least 85, at least 90, at least 95), While 
out-coupling light typically lost at an interface betWeen ITO 
and the substrate on Which it is deposited. Optical modes 
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Within the OLED Will preferentially propagate Within one or 
more layers or ?lms including quantum dots by tailoring the 
refractive index and thickness of the composite. In certain 
preferred embodiments, appropriate scattering materials are 
further included Within the composite. Such scatterers can 
enhance light extraction from the device. Additional informa 
tion that may be useful for the present inventions is described 
in US. Patent Application Nos. 60/ 946,090, entitled “Meth 
ods For Depositing Nanomaterial, Methods for FabricatingA 
Device, Methods For Fabricating An Array Of Devices and 
Compositions, of Linton, et al., ?led Jun. 25, 2007; 60/949, 
306, entitled “Methods For Depositing Nanomaterial, Meth 
ods for Fabricating A Device, Methods For Fabricating An 
Array Of Devices and Compositions, of Linton, et al., ?led 
Jul. 12, 2007; 60/ 971,885, entitled “Optical Component, Sys 
tem Including an Optical Components, Devices, and Compo 
sition”, of Coe-Sullivan, et al., ?led Sep. 12, 2007; 60/973, 
644, entitled “Optical Component, System Including an 
Optical Components, Devices, and Composition”, of Coe 
Sullivan, et al., ?led Sep. 19, 2007; and 61/016,227, entitled 
“Compositions, Optical Component, System Including an 
Optical Components, and Devices”, of Coe-Sullivan, et al., 
?led Dec. 221, 2007; each of the foregoing being hereby 
incorporated herein by reference in its entirety. This innova 
tive solution Will simultaneously increase light-extraction 
ef?ciency and generate tunable, high CR1, White light via 
multiple narroW band QD emitters. 

In certain embodiments, a layer comprising color conver 
sion material including quantum dots (e.g., a quantum dot 
light enhancement ?lm (QD-LEF)) can further include scat 
terers. In certain embodiments, the scatterers can be included 
in the color conversion material. In certain embodiments, the 
scatterers can be included in a separate layer. In certain 
embodiments, a ?lm or layer including a color conversion 
material can be disposed in a predetermined arrangement 
including features Wherein a portion of the features includes 
scatterers but do not include color conversion material. In 
such embodiments, the features including color conversion 
material can optionally also include scatterers. 

Examples of scatterers (also referred to as light scattering 
particles) that can be used in the embodiments and aspects of 
the inventions contemplated by this disclosure, include, With 
out limitation, metal or metal oxide particles, air bubbles, and 
glass and polymeric beads (solid or holloW). Other scatterers 
can be readily identi?ed by those of ordinary skill in the art. In 
certain embodiments, scatterers have a spherical shape. Pre 
ferred examples of scattering particles include, but are not 
limited to, TiO2, SiO2, BaTiO3, BaSO4, and ZnO. Particles of 
other materials that are non-reactive With the host material 
and that can increase the absorption pathlength of the excita 
tion light in the host material can be used. Additionally, scat 
terers that aid in the out-coupling of the doWn-converted light 
may be used. These may or may not be the same scatterers 
used for increasing the absorption pathlength. In certain 
embodiments, the scatterers may have a high index of refrac 
tion (e.g., TiO2, BaSO4, etc) or a loW index of refraction (gas 
bubbles). Preferably the scatterers are not luminescent. 

Selection of the siZe and siZe distribution of the scatterers is 
readily determinable by those of ordinary skill in the art. The 
siZe and siZe distribution is preferably based upon the refrac 
tive index mismatch of the scattering particle and the host 
material in Which it the scatterer is to be dispersed, and the 
preselected Wavelength(s) to be scattered according to Ray 
leigh scattering theory. The surface of the scattering particle 
may further be treated to improve dispersability and stability 
in the host material. In one embodiment, the scattering par 
ticle comprises TiO2 (R902+ from DuPont) of 0.2 pm (mi 
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cron) particle siZe, in a concentration in a range from about 
0.001 to about 20% by Weight. In certain preferred embodi 
ments, the concentration range of the scatterers is betWeen 
0.1% and 10% by Weight. In certain more preferred embodi 
ments, a composition includes a scatterer (preferably com 
prising TiO2) at a concentration in a range from about 0. 1% to 
about 5% by Weight, and most preferably from about 0.3% to 
about 3% by Weight. 

In embodiments including a layer comprising quantum 
dots dispersed in a composite or host material, preferred 
composite or host materials include those Which are optically 
transparent and have a refractive index of at least 1.6. In 
certain preferred embodiments, the composite or host mate 
rial has an index of refraction in the range from 1.6 to 2.1. In 
certain other embodiments, the composite or host material 
has an index of refraction of at least 1.8. Examples include 
inorganic matrices such as silicon nitride. 

Examples of a ho st material useful in various embodiments 
and aspect of the inventions described herein include poly 
mers, monomers, resins, binders, glasses, metal oxides, and 
other nonpolymeric materials. In certain embodiments, an 
additive capable of dissipating charge is further included in 
the host material. In certain embodiments, the charge dissi 
pating additive is included in an amount effective to dissipate 
any trapped charge. In certain embodiments, the host material 
is non-photoconductive and further includes an additive 
capable of dissipating charge, Wherein the additive is 
included in an amount effective to dissipate any trapped 
charge. Preferred host materials include polymeric and non 
polymeric materials that are at least partially transparent, and 
preferably fully transparent, to preselected Wavelengths of 
visible and non-visible light. In certain embodiments, the 
preselected Wavelengths can include Wavelengths of light in 
the visible (e.g., 400-700 nm), ultraviolet (e.g., 10-400 nm), 
and/or infrared (e.g., 700 nm-12 um) regions of the electro 
magnetic spectrum. Preferred host materials include cross 
linked polymers and solvent-cast polymers. Examples of pre 
ferred host materials include, but are not limited to, glass or a 
transparent resin. In particular, a resin such as a non-curable 
resin, heat-curable resin, or photocurable resin is suitably 
used from the vieWpoint of processability. As speci?c 
examples of such a resin, in the form of either an oligomer or 
a polymer, a melamine resin, a phenol resin, an alkyl resin, an 
epoxy resin, a polyurethane resin, a maleic resin, a polyamide 
resin, polymethyl methacrylate, polyacrylate, polycarbonate, 
polyvinyl alcohol, polyvinylpyrrolidone, hydroxyethylcellu 
lose, carboxymethylcellulose, copolymers containing mono 
mers forming these resins, and the like. Other suitable host 
materials can be identi?ed by persons of ordinary skill in the 
relevant art. Preferably a host material is not a metal. 

In certain embodiments, a host material comprises a pho 
tocurable resin. A photocurable resin may be a preferred host 
material in certain embodiments in Which the composition is 
to be patterned. As a photo-curable resin, a photo-polymer 
iZable resin such as an acrylic acid or methacrylic acid based 
resin containing a reactive vinyl group, a photo-crosslinkable 
resin Which generally contains a photo-sensitiZer, such as 
polyvinyl cinnamate, benZophenone, or the like may be used. 
A heat-curable resin may be used When the photo-sensitiZer is 
not used. These resins may be used individually or in combi 
nation of tWo or more. 

In certain embodiments, a color conversion material 
including quantum dots further comprises a host material in 
Which the quantum dots are dispersed. In certain embodi 
ments, the composition includes from about 0.001 to about 15 
Weight percent quantum dots based on the Weight of the host 
material. In certain embodiments, the composition includes 
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from about 0.1 to about 5 Weight percent quantum dots based 
on the Weight of the host material. In certain embodiments, 
the compositon includes from about 1 to about 3 Weight 
percent quantum dots based on the Weight of the host mate 
rial. In certain embodiments, the composition includes from 
about 2 to about 2.5 Weight percent quantum dots based on the 
Weight of the host material. In certain embodiments, the scat 
terers are further included in the composition in amount in the 
range from about 0.001 to about 15 Weight percent based on 
the Weight of the host material. In certain embodiments, the 
scatterers are included in amount in the range from about 0.1 
to 2 Weight percent based on the Weight of the host material. 
In certain embodiments, a host material comprises a binder. 
Examples of host materials are provided herein. 

In certain embodiments, a host material comprises a sol 
vent-cast resin. A polymer such as a polyurethane resin, a 
maleic resin, a polyamide resin, polymethyl methacrylate, 
polyacrylate, polycarbonate, polyvinyl alcohol, polyvi 
nylpyrrolidone, hydroxyethylcellulose, carboxymethylcellu 
lose, copolymers containing monomers forming these resins, 
and the like can be dissolved in solvents knoWn to those 
skilled in the art. Upon evaporation of the solvent, the resin 
forms a solid host material for the semiconductor nanopar 
ticles. In certain embodiments, the color conversion material 
including quantum dots (e.g., semiconductor nanocrystals) 
and a host material can be formed from an ink composition 
comprising quantum dots and a liquid vehicle, Wherein the 
liquidvehicle comprises a composition including one or more 
functional groups that are capable of being cross-linked. The 
functional units can be cross-linked, for example, by UV 
treatment, thermal treatment, or another cross-linking tech 
nique readily ascertainable by a person of ordinary skill in a 
relevant art. In certain embodiments, the composition includ 
ing one or more functional groups that are capable of being 
cross-linked can be the liquid vehicle itself. In certain 
embodiments, it can be a co-solvent. In certain embodiments, 
it can be a component of a mixture With the liquid vehicle. In 
certain embodiments, the ink can further include scatterers. 

In certain embodiments, quantum dots (e.g., semiconduc 
tor nanocrystals) are distributed Within the host material as 
individual particles. Preferably the quantum dots are Well 
dispersed in the host material. 

In certain embodiments, outcoupling members or struc 
tures may also be included. In certain embodiments, they can 
be distributed across a surface of the substrate opposite the 
color conversion material and/ or in features in a layer includ 
ing features including color conversion material. In certain 
preferred embodiments, such distribution is uniform or sub 
stantially uniform. In certain embodiments, coupling mem 
bers or structures may vary in shape, siZe, and/or frequency in 
order to achieve a more uniform light distribution. In certain 
embodiments, coupling members or structures may be posi 
tive, i.e., sitting above the surface of the substrate, or negative, 
i.e., depressed into the surface of the substrate, or a combi 
nation of both. In certain embodiments, one or more features 
comprising a color conversion material can be applied to a 
surface of a positive coupling member or structure and/or 
Within a negative coupling member or structure. 

In certain embodiments, coupling members or structures 
can be formed by molding, embossing, lamination, applying 
a curable formulation (formed, for example, by techniques 
including, but not limited to, spraying, lithography, printing 
(screen, inkjet, ?exography, etc), etc.) 

Color conversion materials including quantum dots and/ or 
?lms or layers including such color conversion materials can 
be applied to ?exible or rigid substrates. Examples of depo 
sition methods include microcontact printing, inkj et printing, 
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etc. The combined ability to print colloidal suspensions 
including quantum dots over large areas and to tune their 
color over the entire visible spectrum makes them an ideal 
lumophore for solid-state lighting applications that demand 
tailored color in a thin, light-Weight package. Intrinsic QD 
lifetimes under UV photo-luminescent stress conditions of at 
least 10,000 hours (With no signi?cant change in brightness), 
demonstrate the great potential for these printable, inorganic 
chromophores. An InP/ZnSeS core/ shell QD can shoW simi 
lar lifetime performance under similar conditions as shoWn 
here for the CdSe systems. The demonstrated photostability 
properties of quantum dots along With the recent advance 
ments in solid-state quantum yield enable of the above-pro 
posed application of quantum dots. In certain embodiments, a 
light-emitting device including a component in accordance 
With the invention including a substrate including at least one 
layer comprising quantum dots can achieve improved CRI 
(preferably >85, more preferably >90, most preferably >95) 
and >90% improvement in external quantum e?iciency. In 
certain preferred embodiments, the device including at least 
one layer comprising quantum dots disposed over a substrate, 
and a light-emitting device including same is RoHS compli 
ant. 

In certain embodiments including a color conversion mate 
rial comprising quantum dots dispersed in a composite or host 
material, the quantum dots Will including one or more surface 
capping ligands attached to a surface of the quantum dots that 
are chemically compatibility With the composite or host 
material. The composite or host material can include an 
organic or inorganic material. In certain embodiments, a 
device Will include more than one composite or host material 
including quantum dots, Wherein each of the quantum dot/ 
composite or host materials combinations is capable of emit 
ting light having a Wavelength that is distinct from that emit 
ted by any of the other quantum dot/composite or host 
material combinations. Preferably a device includes three 
different quantum dot/composite or host material combina 
tions, each of Which emits at a predetermined speci?c Wave 
length that is distinct from that of the others included in the 
device; more preferably 4 different quantum dot/ composite or 
host material combinations, and most preferably, more than 4. 
The color of the quantum dot emission Will include tuning the 
core emission While maintaining siZe distribution and quan 
tum ef?ciency and then groWing a thick, graded, alloy shell 
onto the cores to maximiZe quantum e?iciency and solid state 
stability. Achieving quantum ef?ciencies of at least 80% in 
solution and preserving that e?iciency in the solid state host 
materials Will be very important to the success of this devel 
opment. 

In certain embodiments, a component (e.g., a QD-LES) 
Will be RoHS compliant. The RoHS limits are readily iden 
ti?ed by one of ordinary skill in the relevant art. In certain 
preferred embodiments, a component is cadmium free. 

High quantum ef?ciencies (>85%) of Cd-based quantum 
dots in solution have been achieved. By selecting QD mate 
rials that are chemically compatibility With a host material, 
QDs have been dispersed into various solid materials While 
maintaining quantum ef?ciencies of over 50% in the solid 
state. To maintain high quantum ef?ciency of QDs, it is pre 
ferred to attach capping ligands to quantum dots that are 
compatible With the chemical nature of the host material, be 
that an organic or inorganic material. 

In certain embodiments, including a color conversion 
material including quantum dots dispersed in a ho st material, 
the quantum dots, prior to being included in the host material, 
preferably have a quantum e?iciency of at least 85%. In 
certain embodiments, a color conversion material comprising 
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a ho st material including QD dispersed therein has a quantum 
ef?ciency over 50% in the solid state. In certain embodi 
ments, at least a portion of the quantum dots include one or 
more ligands attached to a surface thereof that are chemically 
compatibility With a host material. To maintain high quantum 
ef?ciency of QDs, it is preferred to attach capping ligands to 
quantum dots that are compatible With the chemical nature of 
the host material, be that an organic or inorganic material. 

In certain embodiments, a color conversion layer includes 
an amount QDs per area effective to preferably achieve 
greater than or equal to about 70%, more preferably greater 
than or equal to about 80%, and mo st preferably greater than 
or equal to about 90%, absorption. 

In certain embodiments, quantum dots comprise Cd-free 
QD materials. 

The transition from a liquid to a solid dispersion can affect 
QD e?iciencies. It is believed that the speed of this transition 
is important to maintaining high quantum e?iciency, as the 
rate competition “locks” the QDs into place before aggrega 
tion or other chemical effects can occur. Chemically match 
ing the QDs to the host material and controlling the speed of 
“cure” are believed to be affect quantum e?iciency. In certain 
embodiments, QDs are dispersed in organic host materials 
such as polymethylmethacrylate (PMMA) and polysilox 
anes. For other quantum dot materials and hosts that may be 
useful With the present invention, see also Lee, et al., “Full 
Color Emission From II-VI Semiconductor Quantum-Dot 
Polymer Composites”. Adv. Mater. 2000, 12, No. 15 Aug. 2, 
pp. 1102-1105, the disclosure of Which is hereby incorpo 
rated herein by reference. 

For solid state light applications, ?lm lifetime and index of 
refraction Will be important to performance. In certain 
embodiments, QDs Will be dispersed in an inorganic ?lm 
(TiO2, for example). Chemically matching the QDs to the 
inorganic host material and controlling the speed of “cure” 
Will enhance performance. In certain embodiments, the com 
posite or host material can comprise an organic host material 
such as polysiloxanes. 

Prior to the present invention, approaches to increasing 
light extraction e?iciency in OLEDs have included: 

(1) Modifying the substrate surface to reduce TIR loss at 
the substrate/air interface4e.g. With polymer micro 
lenses (S. Moller and S. R. Forrest, .1. Appl. Phys. 2002, 
91, 3324), large area hemispherical lenses (C. F. Madi 
gan, M.-H. Lu, and J. C. Sturm, Appl. Phys. Lett. 2000, 
76, 1650), silica microspheres (T. Yamasaki, K. Sumi 
oka, and T. Tsutsui, Appl. Phys. Lett. 2000, 76, 1243), or 
mesa structured devices (G. Gu, D. Z. GarbuZov, P. E. 
Burrows, S. Vankatsh, S. R. Forrest, and M. E. Thomp 
son, Opt. Lett. 1997, 22, 396). 

(2) Modifying the substrate to reduce TIR loss at the sub 
strate/ITO interfaceie. g. by inserting a loW-refractive 
index silica aerogel porous layer betWeen the ITO and 
glass substrate (T. Tsutsui, M. Tahiro, H. YokogaWa, K. 
KaWano, and M.Yokoyama,Adv. Mater 2001, 13, 1149 
and H.YokogaWa, K. KaWano, M.Yokoyama, T. Tsutsui, 
M.Yahiro, andY. Shigesato, SID Int. Symp. Digest Tech. 
Papers 2001, 32, 405) or by using a high refractive index 
substrate (T. Nakamura, N. Tsutsumi, N. Juni, and H. 
Fugii, 1 Appl. Phys. 2005, 97, 054505). 

(3) UtiliZing 2-D photonic crystal (PC) patterns in one or 
multiple layers Within the device structure to reduce 
Waveguiding modes and enhance light out-coupling nor 
mal to the substrate surface (Y-J. Lee, S.-H. Kim, J. 
Huh, G.-H. Kim,Y-H. Lee, S.-H. Cho,Y-C. Kim,Y R. 
Do, Appl. Phys. Lett. 2003, 82, 3779; Y. R. Do, Y. C. 
Kim, Y-W. Song, C.-O. Cho, H. Jeon, Y.-J. Lee, S.-H. 
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Kim,Y-H. Lee, Adv. Mater 2003, 15, 1214;Y R. Do, 
Y-C. Kim, Y-W. Song, Y-H. Lee, J. Appl. Phys. 2004, 
96, 7629;Y-C. Kim, S.-H. Cho,Y-W. Song, Y.-J. Lee, 
Y-H. Lee,Y R. Do,Appl. Phys. Lett. 2006, 89, 173502; 
M. Fujita, K. Ishihara, T. Ueno, T. Asano, S. Noda, H. 
Ohata, T. Tsuji, H. Nakada, N. Shimoji, Jpn. .1. Appl. 
Phys. 2005, 44, 3669; and K. Ishihara, M. Fujita, I. 
Matsubara, T. Asano, S. Noda, H. Ohata, A. HirasaWa, 
H. Nakada, N. Shimoji, Appl. Phys. Lett. 2007, 90, 
11 1 1 14. 

(4) Fabricating micro-cavity structures Within the OLED 
device structure (R. H. Jordan, L. J. Rothberg, A. Doda 
balapur, and R. E. Slusher, Appl. Phys. Lett. 1996, 69, 
1997; and H. J. Peng, M. Wong, and H. S. KWok,SID1nt. 
Symp. Digest Tech. Papers 2003, 34, 516). 

Despite the fact that all of these approaches have been 
shoWn to increase light extraction e?iciency, they all have 
several drawbacks. The approaches in the ?rst category are 
able to recover the Waveguided light con?ned Within the 
substrate but fail to harness the larger component localiZed in 
the high refractive index organic and ITO layers. The methods 
Within the second category aim to out-couple the high-index 
mode light, but the results to date have suffered from an 
inability to adequately match the refractive index of ITO and 
effectively reduce the TIR at the ITO/ substrate interface (T. 
Nakamura, N. Tsutsumi, N. Juni, and H. Fugii, .1. Appl. Phys. 
2005, 97, 054505). Categories three and four typically suffer 
from strong angular-dependent emission and the PC devices 
in category three can also be plagued by changes in electrical 
characteristics, complex processing requirements, and high 
cost. 

To date the largest observed enhancements in extraction 
ef?ciency have been in a system employing a PC slab just 
beloW the ITO electrode (Y-C. Kim, S.-H. Cho, Y-W. Song, 
Y-J. Lee, Y-H. Lee, Y. R. Do, Appl. Phys. Lett. 2006, 89, 
173502). The approach initially incorporated a high index 
SiN,JSiO2 PC layer in an attempt to reduce TIR at the ITO/ 
substrate interface. HoWever, the improvement in extraction 
ef?ciency Was smaller than expected (~50%) due to corru 
gated cathodes and losses to surface plasmons betWeen the 
non-planar cathode and the underlying organic layers. There 
fore, further improvements Were made by improving the pla 
narity of the device structure. Unfortunately, in order to 
ensure a ?at substrate surface, a loWer refractive index spin 
on-glass (SOG) Was implemented to bridge the gap betWeen 
the PC patterned substrate and the ITO electrode. The loW 
refractive index of the layer increased re?ections at this inter 
face, necessitating both a very thin SOG layer as Well as a 
high-index overcoating of SiNX to achieve the maximum 
improvement in extraction ef?ciency of 85%. 

In certain embodiments of the present invention, a compo 
nent (e. g., QD-LES) includes a high index of refraction (e. g., 
preferably >1.6, most preferably >1.8) material in combina 
tion With scattering agents. Such embodiments can achieve 
improved light extraction e?iciency. In addition to the out 
coupling ef?ciency, in certain embodiments, a component 
can be tuned to function as an extremely precise color con 
ver‘ter. Source light Will be concentrated via Waveguide-mode 
in the component, Where it Will probabilistically interact With 
a QD/scatterer formulation, converting a percentage of the 
photons into precisely tuned Wavelengths While scattering 
Waveguided light out of the device to contribute to EQE and 
poWer e?iciency. The resultant light can be tuned to 
extremely high CRIs (e.g., >85, >90, >95) While, due to the 
light conversion properties and the excellent stability of color 
conversion material including in the ?lm, maintaining CRI 
intensity independence over a Wide range of light intensities 
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and OLED lifetimes. In certain embodiments, a component 
can be tuned to convert any light-source containing blue light 
into a high CRI device, resulting in a highly versatile, highly 
process compatible, loW-cost, and high-stability light-ex 
tracting substrate. 

In certain embodiments, a ?lm (including, but not limited 
to, a QD-LEF) comprises multi-layer stack of multi-Wave 
length ?lms. In certain embodiments, a ?lm comprises mul 
tiplexed multi-Wavelength QD-LEFs or spatially dithered 
QD-LEFs. The multi-layer stack embodiment includes mul 
tiple (e.g., 2 or more) QD ?lms, ordered from the loWest 
energy QD ?lm directly underneath the conductor material 
(e. g., ITO) to the highest energy QD ?lm at the substrate/QD 
LEF interface. This structure alloWs light that is doWn con 
verted closer to the Ph-OLED or other lighting device to 
travel unimpeded through subsequent layers, eventually to be 
out-coupled. In higher energy outer ?lms, the photons emit 
ted that travel back toWards the light source, e.g., Ph-OLED, 
can be recycled by loWer energy QDs. In all, though the doWn 
conversion ef?ciency Will suffer from minor reabsorption 
losses, this loss Will be most dependent on the quantum yield 
(QY) of the ?lms, Which, at 80% QY, Will be limited. 

In certain embodiments, a QD-light emitting ?lm com 
prises spatially dithered or multiplexed multi-Wavelength 
QD-LEFs. In this embodiment, using spatially dithered 
multi-color QD inks, can also greatly alleviate reabsorption 
issues. This design separates each QD ink into discrete pat 
terns on the substrate, maintaining a very high absorption 
path for Waveguided blue excitation light While providing a 
very small absorption path for internally directed doWn-con 
verted photons. Though Waveguided light from the QDs Will 
see this large absorption path as Well, the design of the QD 
LEF greatly limits the percentage of QD doWn-converted 
photons that can enter a Waveguide mode. Both ?lm designs 
are expected to yield higher doWn-conversion ef?ciencies 
than mixed QD ?lms and encapsulants. 

Dithering or spatial dithering is a term used, for example, in 
digital imaging to describe the use of small areas of a prede 
termined palette of colors to give the illusion of color depth. 
For example, White is often created from a mixture of small 
red, green and blue areas. In certain embodiments, using 
dithering of compositions including different types of quan 
tum dots (Wherein each type is capable of emitting light of a 
different color) disposed on and/or embedded in a surface of 
a substrate can create the illusion of a different color. In 

certain embodiments, a ?lm, device and/ or component in 
accordance With embodiments of the invention that appears to 
emit White light can be created from a dithered pattern of 
features including, for example, red, green and blue-emitting 
quantum dots. Dithered color patterns are Well knoWn. In 
certain embodiments, the blue light component of the White 
light can comprise outcoupled unaltered blue excitation light 
and/ or excitation light that has been doWn-converted by quan 
tum dots, Wherein the quantum dots comprise a composition 
and siZe preselected to doWn-convert the excitation light to 
blue. 

In certain embodiments, White light can be obtained by 
layering ?lms including different types of quantum dots 
(based on composition and siZe) Wherein each type is selected 
to obtain light having a predetermined color. 

In certain embodiments, White light can be obtained by 
including different types of quantum dots (based on compo 
sition and siZe) in separate features or pixels, Wherein each 
type is selected to obtain light having a predetermined color. 

In certain embodiments, the quantum dots included in each 
layer or in each feature or pixel can be included in a compo 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
sition Which further includes a host material. Other additives 
(e.g., but not limited to, scatterers) can also be included. 
As discussed above, in certain embodiments, quantum dots 

and/or composite or host materials including quantum dots 
Will be included in a QD-LES or light-emitting device that are 
capable of emitting 3 or more distinctly different predeter 
mined peak emission Wavelengths that, in combination, can 
simulate a White light spectrum. In certain embodiments, the 
light output has a high CRI, assuming a full-Width-at-half 
maximum (FWHM) of 35 nm for the QD emission spectra in 
combination With a blue-emitting light source, e.g., a sky 
blue-emitting Ph-OLED. In certain embodiments, core QD 
materials Will comprise Cd-based QD material systems, e. g., 
CdSe, CdZnSe, and CdZnS. Preferably, core QD materials 
Will be prepared by a colloidal synthesis method. These core 
semiconductor materials alloW for maximiZed siZe distribu 
tion, surface quality, and color tuning in the visible spectrum. 
CdZnS can be ?ne tuned across the entire blue region of the 
visible spectrum, typically from Wavelengths of 400-500 nm. 
CdZnSe cores can provide narroW band emission Wave 

lengths from 500-550 nm and CdSe is used to make the most 
e?icient and narroW band emission in the yelloW to deep red 
part of the visible spectrum (550-650 nm). Each semiconduc 
tor material is chosen speci?cally to address the Wavelength 
region of interest to optimiZe the physical siZe of the QD 
material, Which is important in order to achieve good siZe 
distributions, high stability and e?iciency, and ease of pro 
ces sibility. In certain embodiments, quantum dots can include 
a ternary semiconductor alloy. Use of a ternary semiconduc 
tor alloy can also permit use of the ratio of cadmium to Zinc in 
addition to the physical size of the core QD to tune the color 
of emission. 

In certain embodiments, a semiconductor shell material for 
the Cd-based QD cores material comprises ZnS due to its 
large band gap leading to maximum exciton con?nement in 
the core. The lattice mismatch betWeen CdSe and ZnS is 
about 12%. The presence of Zn doped into the CdSe decreases 
this mismatch to some degree, While the lattice mismatch 
betWeen CdZnS and ZnS is minimal. In order to groW highly 
uniform and thick shells onto a CdSe cores for maximum 
particle stability and ef?ciency a small amount of Cd can be 
doped into the ZnS groWth to create a CdZnS shell that is 
someWhat graded. In certain embodiments, Cd is doped into 
the Zn and S precursors during initial shell groWth in decreas 
ing amounts to provide a truly graded shell, rich in Cd at the 
beginning fading to 100% ZnS at the end of the groWth phase. 
This grading from CdSe core to CdS to CdZnS to ZnS can 
alleviate even more strain potentially alloWing for even 
greater stability and e?iciency for solid state lighting appli 
cations. 

In certain embodiments, QDs comprise cadmium-free 
materials. Examples include, Without limitation, QDs com 
prising InP or IrrCGax_1P. In certain embodiments utiliZing 
these materials, three to four distinctly different peak emis 
sion Wavelengths can be used to simulate a White light spec 
trum optimiZed for high CRI. In certain embodiments, the QD 
emission spectra in combination With the sky-blue Ph-OLED 
spectrum exhibit a full-Width-at-half-maximum (FWHM) in 
the range of 45-50 nm or less. In certain embodiments, a 
predetermined CRI is achieved With 3-4 speci?cally tuned 
QD emission spectra. In certain embodiments, core/ shell QD 
comprise a core comprising InP or IrrCGaHP. In certain 
embodiments, an InP/ZnSeS core-shell system can be tuned 
from deep red to yelloW (630-570 nm), preferably With e?i 
ciencies as high as 70%. For creation of high CRI White 
QD-LED emitters, InP/ZnSeS QDs are used to emit in the red 
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to yelloW/ green portion of the visible spectrum and InxGax_ IP 
is used to provide yelloW/ green to deep green/aqua-green 
emission. 

In certain embodiments, QD cores comprising ml’ or Inx’ 
Gax_lP Will have a shell on at least a portion of the core 
surface, the shell comprising ZnS. Other semiconductors 
With a band gap similar to that of ZnS can be used. ZnS has a 
band gap that can lead to maximum exciton con?nement in 
the core. As discussed above, in certain embodiments utiliZ 
ing ZnS, InP, and/ or InxGaHP, a sphalerite (Zinc Blende) 
phase is adopted by all four semiconductors. The lattice mis 
match betWeen GaP and ZnS is less than 1%, While the lattice 
mismatch betWeen InP and ZnS is about 8%, so doping of Ga 
into the InP Will reduce this mismatch. Further, the addition of 
a small amount of Se to the initial shell groWth may also 
improve shell groWth, as the mismatch betWeen InP and ZnSe 
is only 3%. 

In certain embodiments, a QD Film structure includes 
quantum dots included in a host material having a high (e. g., 
preferably >1.6, most preferably >1.8) refractive index. 

In certain embodiments, a high refractive index ho st com 
prises an organic polymer host. Monomers such as vinyl 
carbaZole and pentabromophenyl methacrylate can be used to 
make high refractive index polymers (n:1.68-1.71) for 
Waveguides. These monomers can be polymerized by radical 
polymeriZation methods using UV initiators. 

In certain embodiments, a high refractive index ho st com 
prises an inorganic host. In certain embodiments, sol-gel 
techniques can be used to create high index inorganic hosts 
for the dots (TiO2, SiO2). Brief exposure to heat can gel the 
sol and the dots together, and minimiZe any degradation of the 
quantum dots. 

In certain embodiments, extraction of light from a layer or 
?lm comprising quantum dots that is included in a QD-LES 
can be enhanced by further including light scattering particles 
in the layer or ?lm. In certain embodiments of an OLED 
including a QD-LES, inorganic scattering centers such as 200 
nm TiO2 can be included in the ?lm to increase the pathlength 
of the OLED (e.g., Ph-OLED) excitation light, and to help 
extract quantum dot emission from the ?lm. In certain 
embodiments including an inorganic ?lm, loW index scatter 
ing sites such as polymerparticles or air can perform the same 
function. 
Quantum dots that emit at different Wavelengths across the 

visible spectrum are preferably employed together in order to 
achieve a high CR1. Quantum dots differing in emission 
Wavelength can either be mixed together in one layer, or 
individually layered on top of one another. Whereas the single 
layer blend is simpler from a process perspective, White emis 
sion Will require careful consideration of reabsorption of high 
energy photons by the loWer energy dots. A multi-layer 
approach can minimiZe reabsorption effects, but Will compli 
cate processing. In certain embodiments, a QD ?lm can be 
deposited by a solution process. In certain embodiments, the 
thickness of the ?lms (preferably >2.5 um) can be deposited 
by knoW high-performance screen printing techniques, 
Whether laying doWn multiple layers or a blended layer. A 
screen printing approach is a technique that can be amenable 
to scale-up in a manufacturing setting. 

In certain embodiments, solid-state lighting device 
includes a light source and a highly e?icient energy-coupling 
architecture including a substrate including a layer compris 
ing quantum dots. In certain embodiments, the light source 
comprises an OLED. 
OLED technology has been Widely vieWed as having great 

potential for SSL. Until recently, these devices utiliZed ?uo 
rescent emitter species Which, due to their intrinsic, unmodi 
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?ed limitations, could theoretically emit at 5% external e?i 
ciency. This is due to the fact that ?uorescent small molecule 
materials can create photons out of only 25% of the electricity 
they consume, and that in an unmodi?ed device only ~20% of 
the generated photons escapes Wave-guiding. The develop 
ment of Phosphorescent OLEDs (Ph-OLEDs), ?rst intro 
duced by Prof. Marc Baldo, Which can theoretically harvest 
100% of consumed energy, has increased this e?iciency 
potential substantially With recent devices exhibiting 40 
lm/W With an EQE of 20% (unmodi?ed by further out-cou 
pling enhancements) (N. Ide et al., “Organic Light Emitting 
Diode (OLED) and its application to lighting devices,” SPIE 
Proceedings, 6333, 63330M (2005)). Similarly, advances in 
optical out-coupling have improved extraction e?iciencies by 
up to 85% (Y.-C. Kim, S.-H. Cho,Y.-W. Song,Y.-J. Lee,Y.-H. 
Lee, Y. R. Do, Appl. Phys. Len. 2006, 89, 173502). 

In certain embodiments, Waveguide-mode dynamics are 
included With a ?lm or layer comprising quantum dots to 
provide a loW-complexity, loW co st, and more effective means 
of out-coupling blue light (e.g., blue light emitted from a 
Ph-OLED light) While using QD technology to tune this 
emission into high CRI light. This can be accomplished by 
using a high index of refraction (n) QD ?lm betWeen the ITO 
and the substrate, effectively coupling the light speci?cally 
and predominantly into the ?lm via its favorable location and 
n, as shoWn in FIG. 3. 

FIG. 3(a) schematically depicts an example of an embodi 
ment of an example of an embodiment of a lighting device 
including a QD-LES shoWing approximate indices of refrac 
tion and thicknesses. FIG. 3(b) schematically depicts an 
example of an embodiment of a typical Waveguide mode 
intensity pro?le for a multi-n material stack (Where the maxi 
mum n is located in the ?lm including quantum dots) (In 
certain embodiments, the uppermost layer shoWn in FIGS. 
3(a) and 3(b) can be a metallic layer approximately 100 nm in 
thickness.) In certain embodiments additional layers can be 
included. For example, layers comprising re?ective material 
can be included betWeen any layer including quantum dots 
and another layer (Which could be another layer including 
quantum dots). In certain embodiments, a re?ective layer 
comprises a higher index material that scatters or re?ects 
light. An example of a preferred re?ective material includes 
silver particles. Other re?ective materials can alternatively be 
used. 

In certain embodiments, an air gap or space canbe included 
in a stack of layers including quantum dots in a layered 
arrangement of color conversion materials to facilitate blue 
emissions in embodiments including a blue emitting light 
source. In certain embodiments including an arrangement of 
pixels or features, the pixels or features can be optically 
isolated. Optical isolation can be achieve by separating fea 
tures or pixels by air gap and/ or by material having a different 
refractive index (higher or loWer, but not the same). This QD 
?lm coupled light is then partially doWn-converted by the 
QDs in a probabilistic manner before being scattered out of 
the ?lm and out of the device. 

FIG. 3(c) schematically depicts an example of an embodi 
ment of a lighting device including a QD-LES, shoWing 
approximate indices of refraction and thicknesses and 
includes a substrate including a microlens array. FIG. 3(d) 
schematically depicts an example of an embodiment of an 
example of an embodiment of a lighting device including a 
component shoWing a typical Waveguide mode intensity pro 
?le for a multi-n material stack (Where the maximum n is 
located in the ?lm including quantum dots) (the depicted 
QD-LES also includes a substrate including a microlens 
















